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1.1 PREÁMBULO 
La utilización de la energía eléctrica por la humanidad acumula ya más de 
cien años de existencia desde sus tímidos comienzos, y su rápida 
implantación la ha convertido en un recurso fundamental para el 
desarrollo de la vida humana tal y como la conocemos. La naturaleza de 
este vector energético ha obligado a la ingeniería a diseñar, desde sus 
orígenes, sistemas de regulación y control capaces de acoplar lo más 
rápido posible la cantidad variable de energía demandada a la cantidad 
generada para mantener dicho suministro estable y localizado dentro de 
los parámetros necesarios para un producto eficiente, de calidad y 
completamente seguro, así como para el correcto funcionamiento de 
máquinas eléctricas y electrónicas, fundamentales para la industria y el 
sector terciario. 
La estabilidad de dichos sistemas de regulación, ha venido y continúa 
basándose en la solidez de la termogeneración a partir de fuentes como 
los combustibles fósiles y la energía nuclear. Sin embargo, la experiencia 
con dichas fuentes nos ha instruido acerca de sus consecuencias. La 
energía nuclear se ha revelado como peligrosa, a la par que generadora 
de residuos de almacenamiento problemático y toxicidad elevada. Por 
otra parte, los combustibles fósiles presentan problemas de muy compleja 
solución, como son la generación de residuos responsables del efecto 
invernadero y el calentamiento global, así como su naturaleza no 
renovable, y su posible agotamiento. 
Llegados a este punto de incertidumbre ante la base de la generación de 
energía en un futuro próximo  y considerando la concienciación acerca de 
la paulatina destrucción de las condiciones óptimas para la vida en nuestro 
planeta, aparece la tendencia hacia la búsqueda de recursos energéticos 
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sustitutos de los anteriores, al menos parcialmente,  que cumplan las 
premisas de inagotables y no contaminantes. 
Los esfuerzos por utilizar las fuentes de energía renovables que el planeta 
nos brinda han contribuido al desarrollo de tecnologías eficientes en su 
mayoría para el aprovechamiento de dichos recursos, pero la naturaleza 
intermitente y a veces estocástica de dichos recursos nos plantea un 
nuevo reto. La necesidad de generar energía eléctrica proporcionando un 
servicio sólido, estable y seguro es fundamental para que dichos recursos 
sean rentables y consigan una penetración de mercado similar a la de los 
combustibles fósiles. Es entonces cuando realizan su aparición los 
sistemas de almacenamiento de energía eléctrica que proporcionan la 
estabilidad necesaria al equilibrio demanda-generación y a su vez lo 
hacen con mayor velocidad y precisión y en determinadas situaciones 
menor coste que los sistemas de regulación convencionales, que implican 
el arranque de grupos paralelos de potencia rodante.  
Como punta de lanza de dichos sistemas de almacenamiento, las baterías 
electroquímicas juegan un papel fundamental en el futuro desarrollo de la 
comunidad energética mundial, por lo que la investigación en dicho 
campo se revela como primordial. 
El papel de las baterías no termina aquí, sino que se expande en la 
dirección de la sustitución parcial o total de los combustibles fósiles en los 
motores de combustión interna para el transporte, en los conocidos 
vehículos híbridos (sustitución parcial) o vehículos eléctricos (sustitución 
total) así como la independencia de cables conductores en los cada vez 
más necesarios dispositivos electrónicos portátiles. Por tanto, las baterías 
generan cada año un enorme capital de inversión, que se pronostica 
creciente, en investigación, desarrollo e industria, para su fabricación. 
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1.2  OBJETO DE LA PRESENTE TESIS Y PLAN DE 
TRABAJO 
Dentro del campo de las baterías de ion litio, actualmente uno de los 
mayores desafíos es la obtención de nuevos materiales en forma de 
películas finas y con alta densidad de potencia.1-3 El almacenaje de litio en 
el interior de materiales masivos proporciona altas densidades de energía 
(120-150 Wh/kg).
4
 Sin embargo, debido a los elevados tiempos de 
difusión el proceso de carga de las baterías es lento (típicamente varias 
horas) y la densidad de potencia liberada es baja (100-1000 W/kg).
4
 Por 
tanto, se necesita incrementar la potencia y reducir el tiempo de carga; lo 
cual se podría lograr mediante la reducción de las dimensiones de los 
materiales de la batería. Otra posibilidad sería el uso de materiales que 
sean capaces de adsorber y/o absorber litio en su superficie (sin verdadera 
inserción) de forma muy rápida como los basados en grafeno.2 Los 
procesos de adsorción, así como las reacciones de conversión, en 
electrodos basados en películas finas han sido poco estudiados. 
Otro gran desafío es el desarrollo de métodos de fabricación para la 
producción de baterías basadas en películas finas y materiales 
nanoestructurados. Así, entre los métodos de preparación que se han 
usado en esta tesis se encuentran el método sonoquímico y diversos 
métodos electroquímicos como son la anodización y la electrodeposición.  
Una alternativa a las microbaterías bidimensionales (2D) sería usar 
electrodos con arquitectura 3D.
5
 La batería 3D podría permitir obtener 
capacidades más elevadas, pero debido a la dificultad que presenta ha 
sido menos estudiada.  
Aunque el litio ha tenido un gran éxito comercial en las baterías no 
acuosas,  el uso del sodio no debería descartarse como futuro sustituto del 
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litio. Aunque el sodio es más abundante que el litio, presenta problemas 
de estabilidad en ciclos prolongados de carga-descarga. 
 
Los principales objetivos científicos y tecnológicos de esta tesis son los 
siguientes: 
1. Avanzar en el desarrollo de baterías no acuosas de ion litio e ion 
sodio basadas en películas finas con alto rendimiento electroquímico y 
alta densidad de energía. También se ha pretendido evaluar baterías 
acuosas para los mismos iones alcalinos. Para ello se han preparado 
materiales de electrodo con alta densidad de energía por unidad de área 
aparente. Estos materiales se han basado fundamentalmente en 
estructuras de nanotubos de óxido de titanio auto-organizados, con 
geometrías y morfologías testeadas y adaptadas para un excelente 
comportamiento electroquímico y en composites formados por matrices 
carbonosas (grafito exfoliado ultrafino y óxido de grafeno reducido) con 
nanopartículas de óxidos metálicos o nanoaleaciones homogéneamente 
distribuidas y ancladas a su superficie.   
2. Desarrollar nuevos métodos de preparación de películas finas 
constituidas por materiales nanoestructurados y con naturaleza 2D y 3D y 
optimizar métodos ya conocidos. Los electrodos compuestos por 
nanotubos de óxido de titanio auto-organizados constituyen estructuras 
tridimensionales que a la vez que incrementan la superficie efectiva del 
electrodo sin incrementar las dimensiones de la batería mejorando 
extraordinariamente la accesibilidad del electrolito al material activo, 
disminuyen las distancias de difusión de los cationes alcalinos y 
promueven la conducción electrónica unidimensional mejorando 
aspectos como resistividad y por ende polarización.  
3. Estudiar los aspectos fundamentales del uso de materiales de 
electrodo en películas finas de las baterías: mecanismos de las reacciones 
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(inserción, aleación y conversión)  en los electrodos constituidos por 
películas finas así como de las interfases, formación de película pasivante, 
capacidad extra, fenómenos de adsorción, eficiencia Coulómbica, y 
molienda electroquímica, arrojando datos para una mejor comprensión 
de la influencia de la estructura, morfología y tamaño de grano en el 
comportamiento electroquímico. 
Para conseguir los objetivos de esta tesis, se han realizado una serie de 
tareas experimentales que se resumen  a continuación: 
1. Preparación de materiales: Las técnicas de preparación más 
importantes utilizadas son la sonda de ultrasonidos de alta intensidad y 
diversos métodos electroquímicos (anodización y electrodeposición) y la 
combinación de ellas. Otras técnicas utilizadas son la molienda mecánica 
y la síntesis cerámica a alta temperatura. La obtención de nanotubos de 
óxido de titanio es una parte considerable del trabajo aquí recogido. La 
anodización es especialmente importante para la preparación de 
nanotubos auto-organizados. La versatilidad que ofrece esta técnica para 
obtener el material con diferentes geometrías nanométricas ha sido 
extensamente estudiada, así como la influencia de dichas geometrías en 
su comportamiento electroquímico, con el fin de conseguir los 
parámetros más óptimos para esta aplicación concreta.  
2. Caracterización de los materiales obtenidos, así como análisis de 
los electrodos recuperados de las baterías. Las principales técnicas de 
caracterización usadas son: difracción de rayos X y microscopía electrónica 
(SEM y TEM).  Otras técnicas espectroscópica: Mössbauer, XPS, FTIR y 
RMN. Algunas técnicas se encuentra disponibles en del Departamento de 
Química Inorgánica e Ingeniería Química, y otras en el SCAI de la UCO. Se 
ha realizado una estancia en la Academia Búlgara de las Ciencias, 
concretamente en el Instituto de Química General e Inorgánica, con gran 
experiencia en la Resonancia Paramagnética Electrónica, para su 
aplicación en la caracterización de materiales. 
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3. Realización de experimentos electroquímicos para evaluar el 
comportamiento de los materiales en celdas de litio y de sodio. 
Instrumentos: galvanostatos, potenciostatos y espectroscopía de 
impedancia (celdas de tres electrodos).  
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1.3  SISTEMAS DE ALMACENAMIENTO 
ELECTROQUÍMICO: BATERÍAS ELECTRICAS 
En el ámbito científico, las baterías se conocen como celdas galvánicas o 
electroquímicas, debido al hecho de que en ellas puede almacenarse 
energía eléctrica en forma de energía química y porque las reacciones 
químicas necesarias para ello se conocen también como galvánicas. 
Dichas reacciones son termodinámicamente favorables  y ocurren 
espontáneamente cuando dos materiales con potenciales estándar de 
reducción diferentes se conectan a través de un circuito externo, 
entendiendo que se produce una diferencia de potencial entre ellos.  El 
material de menor potencial de reducción se oxidará suministrando los 
electrones que viajarán a través del circuito externo hacia el otro material. 
El material de potencial de reducción más alto, que aceptará dicha 
corriente eléctrica y procederá a reducirse. Estas dos  semirreacciones  
ocurren  simultáneamente y son las que permiten la transformación de 
energía química en energía eléctrica con la creación de dicha intensidad 
de corriente. El material con potencial de reducción más bajo se denomina 
electrodo negativo (o ánodo en descarga)  y el material de mayor 
potencial se conoce como electrodo positivo (cátodo durante la 
descarga).
6
 
Además de dichos electrodos, otros dos elementos importantes que 
deben mencionarse son: electrolito o solución electrolítica y el separador. 
El electrolito debe ser un buen conductor iónico (y aislante de conducción 
electrónica) y puede encontrarse como disolución acuosa, sales fundidas, 
o incluso en estado sólido. El separador es una membrana que impide 
físicamente un contacto directo entre ambas semiceldas, asegurando por 
tanto el aislamiento eléctrico interno y la neutralización de carga en 
ambos electrodos.    
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 Las celdas electroquímicas pueden acoplarse en configuración eléctrica 
serie o paralelo, de manera que podamos incrementar el valor disponible 
de tensión (suma de los voltajes de las celdas colocadas en serie) o 
corriente (suma de las corrientes generadas por las celdas colocadas en 
paralelo) para alimentar la carga externa. Dichas configuraciones dan 
lugar a las llamadas baterías que no son otra cosa que un conjunto de 
celdas electroquímicas acopladas en la configuración necesaria para 
satisfacer los requerimientos del sistema a alimentar. 
 
1.3.1 PARÁMETROS CARACTERÍSTICOS DE LAS BATERÍAS 
 
1.3.1.1 Voltaje  
El voltaje estándar teórico de la celda, E0(celda), puede determinarse usando 
los valores de potenciales estándares de reducción de los electrodos 
implicados, y responde a: 
 E0(cátodo) - E0(ánodo) = E0(celda)   (1.1) 
El potencial estándar de los electrodos, por convenio como reacción de 
reducción, es el potencial generado en dichas reacciones en condiciones 
estándar frente a un electrodo de referencia, normalmente el electrodo de 
hidrógeno. 
El voltaje operativo real de la celda varía cuando se producen las 
reacciones de descarga, y siempre será menor al valor teórico debido a la 
polarización y a las pérdidas resistivas de la propia celda. La polarización 
aparece como consecuencia de la necesidad de superar la energía de 
activación de las reacciones y/o el gradiente de concentración cerca de los 
electrodos. Dichos factores dependen de la cinética de los electrodos y 
por lo tanto serán también dependientes de la temperatura, el nivel de 
carga y el tiempo de uso de la celda. 
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1.3.1.2 Cinética de los electrodos   
La termodinámica, expresada en términos de los potenciales de los 
electrodos puede decirnos el potencial teórico de circuito abierto de la 
celda, así como la posibilidad de que las reacciones de la celda se 
produzcan. Sin embargo, la cinética juega un papel importante a la hora 
de entender la variación del voltaje de la celda cuando las reacciones se 
están dando, debido a que la transferencia de carga y la velocidad de las 
reacciones en los electrodos son comúnmente factores limitantes. A 
continuación se revisan brevemente los conceptos principales que afectan 
a la cinética de las celdas electroquímicas.  
  Doble capa eléctrica: 
Cuando introducimos un electrodo metálico en una solución electrolítica, 
la carga superficial en el electrodo atraerá iones de carga opuesta  en el 
electrolito y los dipolos se alinearán en la superficie. Esto forma una capa 
cargada en electrodo y electrolito, llamada doble capa eléctrica. Las 
reacciones que tengan lugar lo harán en dicha capa, y todos los átomos o 
iones que se reduzcan u oxiden tendrán que pasar a través de ella, por lo 
tanto, la habilidad de los iones para atravesarla controlará la cinética y 
como consecuencia  será un factor limitante en las reacciones. La barrera 
de energía a superar para que dichas reacciones electroquímicas en los 
electrodos se produzcan, la llamada energía de activación, es debida a esta 
doble capa esquematizada en la Figura 1.1. 
Velocidad de reacción: 
 La velocidad de las reacciones está gobernada por la ecuación de 
Arrhenius, de tal modo que la cinética, k, es: 
k ≈ e-Q/RT   (1.2) 
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Figura 1.1. Esquematización de la formación de la doble capa en la superficie del electrodo. 
 
Donde Q es la energía de activación de la reacción, T es la temperatura 
absoluta y R es la constante universal de los gases. En nuestro caso, la 
cinética de la reacción se puede medir con la ayuda de la corriente 
producida, ya que dicha corriente será la carga generada por unidad de 
tiempo, y por lo tanto proporcional a la cantidad de electrones producidos 
por unidad de tiempo.    
  Electrodos fuera de equilibrio: 
Cuando un electrodo no se encuentra en estado de equilibrio se genera 
un sobrepotencial que viene dado por: 
Ƞ = E-E0    (1.3) 
Donde Ƞ es el sobrepotencial, E es el potencial fuera de equilibrio y E0 es 
el potencial de equilibrio. 
El sobrepotencial es también conocido como polarización. 
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  La ecuación de Tafel: 
La ecuación de Tafel relaciona la corriente y la polarización durante la 
oxidación y reducción de las especies activas. Considerando una reacción 
general de oxidación en un ánodo metálico: 
   M  Mz++ze-    (1.4) 
La velocidad de la reacción responde a la ecuación de Arrhenius en la 
forma: 
   ka =A e-Q/ RT     (1.5) 
donde A es un factor de frecuencia que tiene en cuenta el número y 
frecuencia de colisiones de las especies electroactivas en la superficie del 
electrodo. De la ley de Faraday se puede deducir la velocidad de reacción 
en términos de densidad de corriente en el ánodo: 
   i0,a = zFka = zFK e –Q/ RT   (1.6) 
donde F = 96540 C/mol es la constante de Faraday. Si el sobrepotencial se 
aplica ahora en dirección anódica, la nueva energía de activación de la 
reacción vendría modificada por:  
   ka =A e-(Q - αzFηa )/ RT   (1.7) 
Donde α es el coeficiente de transferencia de carga, normalmente entre 0 
y 1,0. 
sustituyendo obtenemos que la densidad de corriente, ia, es: 
ia= zFK e[-(Q- αzFηa )/RT] = zFK e-Q/RT eαzFηa/RT  (1.8) 
que sustituyendo de la ecuación (1.5) se obtiene: 
   ia= i0,a eαzFηa/RT    (1.9) 
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conocida como la ecuación de Tafel donde i0 es la corriente de 
intercambio. Tomando logaritmos neperianos y reorganizando nos queda 
la expresión: 
   ηa = (RT/αzF)ln(ia/i0,a)   (1.10) 
 sustituyendo (RT/αzF) = ba  y  lni0 = -aa/ba  la ecuación (1.9) puede 
reescribirse como: 
ηa = aa + ba  lnia    (1.11) 
o en función del potencial del ánodo, Ea, 
   Ea=ba log(ia/i0,a)+aa   (1.12) 
Donde ba es la pendiente de la recta de anódica de Tafel. De forma similar 
puede considerarse la reducción de los cationes metálicos en el cátodo: 
   Mz+ +ze-  M    (1.13) 
La energía de activación se verá reducida en (1-α)zFȠc, obteniendo una 
desidad de corriente catódica de: 
   ic= i0,c e(1-α)zFηc/RT    (1.14) 
y entonces 
   ηc = [RT/(1-α)zF]ln(ic/i0,c)   (1.15) 
obteniendo de igual forma el potencial en el cátodo, Ec, 
   Ec=bc log(ic/i0,c)+ac   (1.16) 
Donde bc es la pendiente de la recta catódica de Tafel.  
De esta manera, para un potencial aplicado, podremos calcular la 
densidad de corriente en una celda electrolítica. 
  Otros factores limitantes: 
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Cuando circula una corriente muy alta, existe la posibilidad de que la 
transferencia de masa se vea restringida a la velocidad de difusión de las 
especies electroactivas debido al sobrepotencial  por concentración, 
η(conc), obteniendo un valor de corriente máximo. Es decir, que cuando la 
vecindad del electrodo queda desierta de especies activas debido a una 
muy alta cinética de reacción en el electrodo, la corriente se verá limitada 
a la velocidad de difusión de las especies hasta llegar de nuevo a la 
superficie del electrodo. Dicha corriente limitada por la difusión de 
especies activas puede determinarse gracias a la ley de difusión de Fick: 
   iL=zFDC/δ    (1.17) 
donde iL es la corriente limitante en la doble capa, D es la constante de 
difusión de los cationes metálicos en el electrolito, C es la concentración 
de cationes metálicos en la disolución electrolítica utilizada y δ es el 
espesor de la doble capa. El valor del sobrepotencial de concentración es 
entonces, la diferencia entre el potencial obtenido a la concentración del 
electrolito utilizado y el potencial obtenido a la concentración de la 
superficie del electrodo modificado por agotamiento o acumulación de 
especies activas a altas corrientes.   
 
1.3.1.3 Capacidad 
La capacidad específica teórica de una batería es la cantidad de carga 
implicada en las reacciones electroquímicas en los electrodos por unidad 
de masa o volumen. Dicha capacidad puede estar referida a los electrodos 
por separado y a sus respectivas masas, definiendo entonces las 
capacidades específicas teóricas de dichos materiales activos, o puede 
considerarse la masa total de la batería, para ofrecer un valor de capacidad 
orientativo del producto final. En la práctica, la capacidad teórica resulta 
difícilmente alcanzable considerando la contribución a la masa final de 
componentes no reactivos como agentes aglomerantes o aditivos 
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conductivos, separadores y electrolito, colectores de corriente o sustratos. 
Además las reacciones químicas no suelen realizarse completamente, o 
bien debido a inaccesibilidad a los materiales activos por parte del 
electrolito o por una baja reactividad en la zona de contacto entre 
electrodo y electrolito. La capacidad depende fuertemente de la carga y 
puede disminuir rápidamente cuando se somete a la batería a altas 
corrientes de descarga (o carga) debido al incremento de pérdidas por 
sobrepotencial y resistivas que pueden multiplicar los problemas respecto 
a la reacción completa de los materiales activos.  Altas corrientes de 
descarga también provocarán inferiores  porcentajes de capacidad cedida. 
 
1.3.1.4 Vida útil 
Durante el funcionamiento de una celda puede producirse el proceso de 
autodescarga al mismo tiempo que un proceso normal de descarga. La 
autodescarga se produce por reacciones parásitas como la corrosión que 
pueden ocurrir incluso cuando la celda no está conectada a ninguna carga. 
Debido a esto, la energía química almacenada puede ir decreciendo 
lentamente con el paso del tiempo. Otras pérdidas de energía pueden ser 
producidas cuando como resultado de una descarga normal se forman 
compuestos de alta resistividad o parte del electrolito se consume durante 
el mismo. Por otra parte, la vida útil de las celdas electroquímicas se 
encuentra limitada tanto por factores debidos al uso normal, como por 
factores debidos a la ausencia de uso. 
 
1.3.1.5 Curvas de descarga 
Las curvas de descarga se representan como la variación del potencial 
entre los electrodos de la celda frente al porcentaje de descarga o la 
capacidad acumulada hasta ese instante o simplemente frente al tiempo. 
Un modelo ideal de curva de descarga es una curva plana ya que esto 
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implica que el voltaje de la celda permanece constante mientras la carga 
externa está siendo alimentada. En  el momento en que la capacidad de la 
celda esté llegando a su fin el potencial caería a un nivel más bajo. Algunos 
materiales como el TiO2 (anatasa) muestran este tipo de comportamientos 
o bastante cercanos a la curva ideal cuando se enfrentan a litio como se 
muestra en la Figura 1.2.  
 
 
 
 
 
 
 
Figura 1.2.  Curva voltaje-capacidad que presenta el TiO2 (anatasa) frente a Li, cercana al 
comportamiento ideal. 
 
1.3.1.6 Densidad energética 
La densidad energética se suele considerar como la cantidad de energía 
que puede ser almacenada en una celda por unidad de volumen. Este valor 
dependerá de la densidad de los componentes y del diseño de la batería. 
También es posible encontrar referencias que utilicen energía por unidad 
de masa, pero más comúnmente a esto último se le conoce como 
densidad energética específica. En la Figura 1.3 se muestra una 
comparativa entre las distintas tecnologías más comúnmente usadas de 
baterías en función de sus densidades energéticas. 
 Capacidad, mAh
P
o
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Figura 1.3. Gráfica comparativa de las tecnologías de almacenamiento electroquímico más 
comunes en función de densidades energéticas, específicas (gravimétricas) y volumétricas.7 
 
1.3.1.7 Densidad energética específica 
La densidad energética específica, comúnmente expresada en Wh/kg, es 
la cantidad de energía liberada por unidad de masa de la celda, o bien, por 
unidad de masa de material activo del electrodo (también llamada 
gravimétrica). Se calcula como el producto de la capacidad específica por 
el voltaje de operación durante una descarga completa. Los valores de 
tensión y corriente pueden variar durante la descarga por lo que el 
método de cálculo es la integración del producto tensión-corriente 
durante la descarga respecto al tiempo. 
El tiempo de descarga está íntimamente relacionado con la ventana de 
voltaje utilizada y depende en gran medida de la accesibilidad y 
Tesis doctoral. Capítulo 1 Introducción 2015 
 
17 
Nanomateriales estructurados obtenidos mediante electroquímica y 
sonoquímica y su aplicación como electrodos de baterías de iones alcalinos 
 
reactividad de los materiales activos y en intentar evitar en la medida de 
lo posible reacciones irreversibles en las baterías recargables. La ventana 
de voltaje, delimitada por los valores impuestos  superior e inferior, será 
escogida de forma que la energía y potencia generadas fuera de ésta sean 
las invertidas en reacciones irreversibles como formación dendrítica,8 
descomposición del electrolito o formación de capas pasivantes, o de 
difícil aprovechamiento en condiciones prácticas debido al bajo potencial 
al que se producen. Al entender la misión fundamental de las baterías 
como la de almacenar energía, la relación entre la cantidad de energía 
almacenada (Wh) con el peso resultante (kg) es una de las características 
más importantes para describir un sistema de almacenamiento 
electroquímico. 
 
1.3.1.8 Densidad de potencia 
La densidad de potencia es la cantidad de potencia que una celda puede 
liberar por unidad de masa, o bien la cantidad de energía que una celda 
puede liberar por unidad de masa y unidad de tiempo. Al incrementarse 
la velocidad de descarga incrementando la potencia entregada por la 
celda, la energía específica tiende a disminuir de forma rápida y con ella la 
capacidad. Para maximizar la energía entregada por la celda, la corriente 
generada debe ser al nivel práctico más bajo posible. Es por esto, que el 
incremento de la superficie efectiva de los electrodos de una celda dada, 
puede elevar el valor de corriente para una densidad de corriente concreta 
y así incrementar la potencia liberada por la celda. Este es uno de los 
métodos más eficientes de incrementar la potencia efectiva de una celda 
aunque puede tener efectos adversos. Al incrementar la superficie efectiva 
podemos incrementar el número e intensidad de reacciones parásitas 
como por ejemplo la corrosión o la formación de capas pasivantes 
disminuyendo de esta forma la vida útil de la batería o su capacidad 
reversible. 
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1.4 BATERÍAS PRIMARIAS Y SECUNDARIAS  
Existen dos tipos fundamentales de baterías, las baterías primarias y las 
baterías secundarias. Las primeras están diseñadas para descargarse una 
sola vez de manera que su energía química solo puede aprovecharse 
durante este periodo y una vez agotada queda inutilizable para el usuario. 
En el caso de las baterías secundarias o recargables, éstas han sido 
diseñadas de manera que las reacciones que intervienen durante su 
descarga sean lo más perfectamente reversibles que sea posible, de 
manera que la energía química liberada en forma de energía eléctrica 
pueda ser de nuevo transformada en energía química invirtiendo el 
sentido de los procesos redox durante la carga. A pesar de la mayor 
complejidad de éstas respecto a las primarias, finalmente se revelan como 
la opción más económica y que engloba la mayor parte del mercado 
mundial en este campo.
9
 Estos sistemas de almacenamiento de energía 
pueden clasificarse en función de sus aplicaciones, como vemos a 
continuación. 
 Baterías portátiles. Este tipo cubre un amplio rango de 
aplicaciones y por lo tanto de materiales utilizados, desde las usadas en 
pequeños relojes o juguetes hasta las usadas en teléfonos móviles y 
ordenadores portátiles. 
 Baterías para transporte. La aplicación más importante 
actualmente en este tipo de baterías es el arranque,  iluminación e ignición 
en los vehículos de motor de combustión interna (m.c.i.) y el apoyo a la 
tracción del m.c.i. en vehículos híbridos mediante alimentación de 
motores eléctricos, que serán reemplazados en un futuro próximo por la 
exclusiva alimentación de motores eléctricos e iluminación para los 
vehículos (full electric vehicles) que basarán su automoción únicamente 
en energía eléctrica.11 
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 Baterías estacionarias. En este tipo se incluyen las baterías 
utilizadas como sistema de almacenamiento de energía a gran escala. La 
energía no demandada y de generación posible se almacena en estos 
sistemas y se libera cuando la demanda lo requiere. También se utilizan 
como sistema de alimentación ininterrumpida, para mejorar la calidad de 
la energía inyectada en la red y para el control eficiente de la frecuencia de 
la red. 
  
1.4.1. CICLABILIDAD DE LAS BATERÍAS 
La  restitución de los materiales reactivos en los electrodos durante el 
proceso de carga mediante la aplicación de una corriente de signo 
contrario a la producida durante la descarga, será el suceso que marque la 
posible reutilización de la batería. Para celdas recargables las curvas de 
potencial frente a carga transferida durante el proceso de  carga y el de 
descarga presentarían formas similares, pero debido a efectos como la 
polarización, los valores de potencial para la carga se muestran mayores 
que los de descarga. La utilidad práctica de los materiales de electrodo en 
baterías secundarias se estudia a través de su ciclabilidad en una larga 
serie de sucesivos procesos de descarga y carga. Los siguientes 
parámetros son de uso habitual en la investigación, derivados del 
concepto de ciclabilidad: 
 -factor de carga o eficiencia coulómbica: razón entre capacidad 
de carga y capacidad de descarga. Valores distintos de la unidad implican 
reacciones parásitas o colaterales.  
 -eficiencia del ciclo: razón entre las energías de descarga y carga. 
 -vida útil en ciclos: cantidad de ciclos completos que una celda 
puede realizar manteniendo valores de capacidad superiores al 75-80% 
del de los primeros ciclos. La elección del porcentaje puede variar. 
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 -velocidad C: cinética de descarga a la que el material activo del 
electrodo reaccionaría teóricamente de forma completa en una hora, es 
decir, intensidad de descarga (o carga) necesaria para que la celda quede 
completamente descargada (o cargada) en una hora.   
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1.5 BATERÍAS DE LITIO 
Las baterías compuestas por celdas en las que se utiliza litio metal como 
electrodo negativo son las llamadas baterías de litio. Tras la evolución 
histórica de la investigación en diversos materiales y su posible 
combinación para baterías, se alcanza la apreciación de las ventajas que el 
litio presenta frente a otros metales. Entre estas ventajas se encuentra su 
elevado poder reductor que permitiría un potencial muy alto,4 y su 
extrema ligereza contribuyendo ambas a un incremento de la energía 
específica almacenada en la celda. El pequeño tamaño de los cationes les 
confiere la habilidad de insertarse en determinados materiales anfitriones9 
sin producir elevadas tensiones mecánicas y no modificando la estabilidad 
de la red cristalina, incrementando de esta manera la ciclabilidad de las 
celdas y elevando la capacidad de las mismas. Por otro lado, las celdas de 
litio también presentan numerosas contrapartidas11 como la 
imposibilidad del uso de electrolitos acuosos por su alta reactividad 
irreversible, la dificultad del manejo del metal en atmosfera inerte, la 
menor cantidad de dicho metal presente en la naturaleza comparada con 
la de otros metales y la localización de estas reservas en un pequeño 
número de países. Sin embargo todas estas desventajas no han sido lo 
suficientemente importantes para detener a la multitud de investigadores 
que han invertido gran esfuerzo en el desarrollo de dicha tecnología 
durante varias décadas.  
Dentro de las baterías de litio podemos diferenciar varios tipos en función 
de la composición de los materiales utilizados como cátodo (aleaciones 
de Li, compuestos de intercalación de Li, Oxidantes inorgánicos, Polímeros 
orgánicos o mixtos…) y los distintos tipos de electrolito (disolventes 
orgánicos no acuosos, electrolitos sólidos inorgánicos, electrolitos 
polimeréricos,4 etc…). 
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1.6 BATERÍAS DE ION LITIO 
A pesar de su elevada energía específica en comparación con otras 
baterías, las baterías de litio presentan, por desgracia, un reducido número 
de ciclos de vida útil. Este hecho es debido a que la deposición-disolución 
(oxidación-reducción) del litio metal se da de forma topográficamente 
irregular en los diversos ciclos, produciendo un aumento de la superficie 
del electrodo con el consecuente incremento de reactividad del mismo. 
Esto desemboca inicialmente en reacciones irreversibles del electrolito 
con el litio metal (pasivación) disminuyendo la cantidad de aquél y por 
tanto dilapidando la retención de carga y la vida útil de la batería.12 No 
acaba aquí el problema, ya que este incremento irregular de la superficie 
del metal promociona el desarrollo de ramificaciones en su crecimiento. 
Estas ramificaciones dendríticas pueden crecer en la dirección del campo 
eléctrico ya que esto supone menores distancias de difusión para los 
cationes, de tal forma que construyan un hilo conductor que, capaz de 
atravesar el separador, haga contacto con el material del cátodo 
cortocircuitando la celda. 
 Esto produciría una descarga súbita en la que la cantidad de corriente 
generada incrementaría la temperatura interna hasta el grado de ignición 
del electrolito orgánico, provocando sobrepresión y una posible 
explosión.4,8 En la Figura 1.4 puede verse una ilustración esquemática del 
proceso con micrografía de las dendritas. 
 Debido a este importante defecto de seguridad de las baterías de ánodo 
de litio metálico, que se demostró sobradamente en casos prácticos,8 se 
terminó con la fabricación y la retirada del mercado de este tipo de 
tecnología. 
Se volvieron entonces a considerar conceptos introducidos algunos años 
antes por Lazzari y Scrosati entre otros,
13,14
 que consistían en electrodos 
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de intercalación entre los que los iones litio se desplazaban durante los 
procesos de descarga y carga mientras los electrones hacían lo propio a 
través del circuito externo. 
 
Figura 1.4. Representación esquemática de la formación de dendritas en las baterías de litio tras 
un número determinado de ciclos.4 
 
 
Dicha batería fue bautizada como “rocking-chair” (mecedora) en 
alusión al movimiento de vaivén de los cationes de un electrodo hacia el 
otro.
8
 En la Figura 1.5 se muestra esquemáticamente el ciclado de una 
batería de iones de litio. 
Al tratarse de compuestos de intercalación en ambos electrodos, 
eliminamos el litio metal como ánodo, acabando con el problema de 
seguridad descrito más arriba. Ahora el problema se encuentra en 
conseguir una celda tipo mecedora con potenciales semejantes a los 
obtenidos en las de ánodo de litio. Para ello los potenciales de 
intercalación del litio en ánodo y cátodo deben estar lo suficientemente 
alejados, tanto como sea posible. Existen varios sistemas compatibles con 
lo anteriormente citado como se aprecia en la Figura 1.6, pero de cualquier 
forma, se sigue sin poder contar con la alta capacidad específica del litio y 
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con que la existencia de materiales inactivos y aditivos no sea necesaria. 
La complejidad de los nuevos materiales también conlleva problemas 
medioambientales y económicos. 
 
Figura 1.5. Funcionamiento esquemático de la batería de ion-Li. Los cationes Li+ se desplazan de 
cátodo a ánodo y viceversa durante los procesos de carga-descarga. 
A pesar de esto último, las baterías de ion litio siguen a la vanguardia de 
las prestaciones energéticas gracias a la continua investigación científica, 
ofreciendo elevados valores de capacidad y potencia específicas y una 
altísima versatilidad en el mercado actual de baterías como se comprueba 
en la Figura 1.3.  
Se han conseguido importantes mejoras en el almacenamiento energético 
a través de esta tecnología, pero con los requerimientos de una sociedad 
aun demandante de mayores capacidades en baterías de menores 
volúmenes y pesos, comienza a entreverse la dificultad de ofrecer  futuras 
mejoras sostenibles en las baterías de ion litio.16 
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Figura 1.6.  Gráfico comparativo de materiales en función de sus potenciales de reacción frente a 
litio y sus capacidades específicas.15 
 
En un mundo que necesita la generación sostenible y renovable de 
energía, la sostenibilidad de la producción de los sistemas para su 
almacenamiento es de gran importancia. No se obtendría gran beneficio 
ecológico de un coche eléctrico que indirectamente produzca más CO2  
que un vehículo con motor de combustión interna por kilómetro, debido 
a que la energía eléctrica que lo alimenta ha sido generada quemando 
carbón en una central térmica. De la misma forma, no podemos consumir 
una elevada energía en los procesos de fabricación de las baterías, ni 
podemos poner en entredicho las reservas futuras de determinados 
materiales al basarnos masivamente en ellos para la fabricación de 
electrodos, cuando su abundancia actual no sea suficientemente 
elevada.
17
 Las mejoras han de ser lo bastante sustanciales para que 
Tesis doctoral. Capítulo 1 Introducción 2015 
 
26 
Nanomateriales estructurados obtenidos mediante electroquímica y 
sonoquímica y su aplicación como electrodos de baterías de iones alcalinos 
 
compensen la energía y costes que conlleven tanto su implementación 
como el reciclado de materiales, o que dicha implementación y reciclado 
no aporte un impacto económico considerable y puedan 
rentabilizarse.
18,19
 En este caso, los métodos de síntesis a baja 
temperatura, como el hidrotermal, los asistidos por microondas o 
infrarrojos, la sonoquímica y la síntesis electroquímica, conllevan un 
menor consumo energético. En auge desde la década de los setenta  tras 
la crisis del petróleo, hoy día se muestran protagonistas en gran cantidad 
de patentes. Dicho esto resulta evidente que las baterías que mayor 
inversión en su investigación están recibiendo son las basadas en 
materiales muy abundantes y obtenidos de forma lo bastante eficiente y 
económica como son las Li-S o las Li-aire, o materiales basados en sulfatos 
o fosfatos que no presentan la posibilidad de ningún tipo de escasez 
futura como el caso del LiFePO4 u óxidos de la misma índole como el TiO2 
(o de Fe o Mn) que presentan gran abundancia, precios económicos y muy 
baja toxicidad a la par que características muy interesantes para 
aplicaciones en almacenamiento y conversión de energía. 
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1.7 BATERíAS DE ION SODIO 
Uno de los posibles caminos para alcanzar una producción sostenible de 
sistemas de almacenamiento electroquímico es el de las baterías de ion 
sodio. Idénticas a las de ion litio en sus principios de funcionamiento, los 
electrodos de la batería de ion sodio consisten en materiales capaces de 
insertar los cationes Na
+
 que les llegan a través del electrolito al tiempo 
que intercambian electrones a través del circuito externo, y deben también 
escogerse con los potenciales de intercalación lo suficientemente alejados 
(ejemplos de estos materiales pueden verse en la Figura 1.8). Grandes 
avances en los últimos años como los superconductores iónicos de sodio 
(NASICON) consistentes en óxidos sólidos con gran conductividad iónica 
que, compuestos de materiales abundantes y obtenidos a través de 
métodos de baja temperatura, hacen de esta tecnología una atractiva y 
posible alternativa en el futuro a la tecnología ion-Li.   
El hecho de que el potencial redox obtenido para el sodio sea menor que 
para el litio, o que sea tres veces más pesado que este, reduce la capacidad 
específica (aproximadamente en un 15%) obtenida en los sistemas de 
almacenamiento basados en Na. Sin embargo, las diferencias de 
abundancia entre ambos metales en la corteza terrestre,  únicamente 20 
ppm para el Li mientras 23.000 ppm para el Na (sin contar con la alta 
concentración de sodio en el agua marina), repercute en que los 
compuestos basados en sodio tengan un precio más de 50 veces menor 
que sus homólogos de litio. Debido a esto, el precio obtenido para las 
baterías de ion-Na, muy por debajo del actual precio para las ion-Li, haría 
a esta tecnología sobradamente sostenible. Además, la mayoría de los 
residuos y subproductos resultantes de su producción, son 
sorprendentemente mucho menos contaminantes que los producidos 
con la tecnología de litio. 
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Figura 1.7.  Materiales utilizados en electrodos para baterías de ion-Na clasificados según 
potencial de reacción frente al Na y su capacidad específica.20 
 
En cualquier caso, el temor a futuras extinciones del litio, además de su 
heterogénea distribución sobre la tierra (creando intereses políticos) han 
influido en la proliferación de investigación y nuevos avances en esta 
tecnología, situándola como la candidata favorita en una futura era post-
litio. 
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1.8 SONOQUÍMICA  
El interés creado por los nanomateriales ha llevado al desarrollo de un 
elevado número de métodos de síntesis para su fabricación. La 
sonoquímica es una de las primeras técnicas utilizadas para la preparación 
de compuestos nanométricos.21,22 Se trata del área de investigación en el 
cual las moléculas se someten a una reacción química debido a la 
aplicación de radiación ultrasónica de gran amplitud y potencia. El 
fenómeno físico responsable del proceso sonoquímico es la cavitación 
acústica como se expone a continuación.  
El ultrasonido es la parte del espectro sonoro que varía desde 
aproximadamente 20 kHz a 10 MHz y se puede subdividir más o menos 
en tres regiones principales: de baja frecuencia - ultrasonido de alta 
potencia (20-100 kHz), de alta frecuencia - ultrasonidos de potencia media 
(100 kHz - 1 MHz), y de alta frecuencia - ultrasonido de baja potencia (1-
10 MHz). La gama de 20 kHz a alrededor de 1 MHz es utilizada en 
sonoquímica mientras que las frecuencias muy por encima de 1 MHz se 
utilizan en medicina como ultrasonidos de diagnóstico.25,26 
Estos efectos sonoquímicos se producen en líquidos, por medio del 
fenómeno de cavitación acústica. El término cavitación viene de la palabra 
latina cavo que significa cavidad, dando un sentido de creación de 
cavidades. La energía acústica es de origen mecánico, por lo que no es 
absorbida por las moléculas como radiaciones infrarrojas o de otra índole. 
Similar a una ola en el océano, el ultrasonido se transmite a través de un 
medio como gradiente de presión, a través de variaciones armónicas 
mediante la inducción de movimiento vibratorio de las moléculas al 
alternativamente comprimir y estirar la estructura molecular del medio. De 
esta manera, la distancia entre las moléculas varía a medida que éstas 
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oscilan alrededor de su posición principal  siguiendo los valores 
alternantes de presión local.  
Si la intensidad de los ultrasonidos en un líquido se incrementa, lo que se 
relaciona principalmente con su valor de amplitud (la amplitud de la  
variación de presión), se alcanza un estado en el que la estructura 
molecular no puede mantenerse invariable debido a la diferencia entre las 
fuerzas intramoleculares y la variación de la presión local.27 En 
consecuencia, se descompone y se forma una cavidad. Esta cavidad se 
llama burbuja de cavitación y el punto donde comienza se denomina 
umbral de cavitación. La respuesta de la burbuja al campo sónico en el 
interior del líquido es la expansión y contracción de forma consecutiva y 
de manera armónica. Esto puede suceder de dos maneras diferentes: 
cavitación estable y cavitación transitoria.  
La cavitación estable implica el nulo desplazamiento de las burbujas con 
respecto a su posición de equilibrio durante varios ciclos, sin colapso final. 
Por otro lado, en la cavitación transitoria, las burbujas crecen a lo largo de 
varios ciclos acústicos aumentando el volumen inicial hasta que 
finalmente colapsan violentamente como puede verse en el esquema de 
la Figura 1.8. 
Los parámetros que determinan los diferentes tipos de cavitación, que 
influyen en el tamaño y el tiempo de vida de las burbujas de cavitación son 
los siguientes: Amplitud de la onda de señal (intensidad de la presión 
acústica), la frecuencia, disolvente utilizado, el gas producido dentro de las 
burbujas y los parámetros externos como temperatura, presión, etc. 
Una burbuja en un campo acústico puede crecer por varios procesos en 
función de la intensidad del mismo. Para campos de baja intensidad la 
burbuja crece a medida que el gas disuelto entra durante la fase de 
expansión de la onda de sonido, y se contrae durante la fase de 
compresión. 
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Figura 1.8. Variaciones armónicas de presión en cavitación transitoria, y la evolución esquemática 
del colapso de la burbuja. 
 
Dado que la difusión del gas depende del tamaño de la superficie de la 
burbuja, una cantidad de gas ligeramente mayor entra en la burbuja de la 
que sale. Por lo tanto, la burbuja crecerá lentamente durante varios ciclos 
acústicos. En los campos acústicos fuertes, las oscilaciones pueden 
hacerse muy grandes a través de efectos inerciales. El rápido crecimiento 
de una burbuja durante la fase de expansión puede tener inercia suficiente 
para impedir que la burbuja se contraiga durante la próxima ola de 
compresión e inducir al colapso más rápidamente.28,29 En general, cuando 
un gas se comprime, se calienta. Las burbujas que crecen en resonancia, 
con tamaños bien acoplados al campo de sonido pueden rápidamente 
sobre-expandirse. En este punto, una compresión rápida puede ocurrir 
con el consiguiente calentamiento. Cuando la compresión es lo 
suficientemente rápida, el calentamiento es casi adiabático: no hay tiempo 
suficiente para que el transporte térmico se produzca con eficacia. 
Los efectos físicos producidos por la cavitación acústica pueden 
interpretarse según varias formulaciones. Hay tres teorías diferentes 
acerca de la cavitación: el punto caliente, la teoría eléctrica y la teoría del 
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plasma. La más popular es la teoría del punto caliente, del inglés hot-spot. 
Según esta teoría, que ha sido experimentalmente demostrada,21  el 
colapso cavitacional crea condiciones drásticas dentro del medio para 
periodos ultra cortos de tiempo: temperaturas de 2000-5000 K y presiones 
de hasta 1.800 atmósferas dentro de la cavidad. Desde el colapso, que se 
produce en menos de un nanosegundo,
26,27
 la resultante velocidad de 
enfriamiento resulta muy elevada, a veces superando 1011 K / s. Esta alta 
velocidad de enfriamiento impide la organización y la cristalización de los 
productos. Por esta razón, en todos los casos en que se trata de 
precursores volátiles, donde las reacciones en fase gaseosa son 
predominantes, las nanopartículas obtenidas son amorfas. Mientras que 
la explicación para la creación de productos amorfos se entiende bien, la 
razón para la obtención de productos nanoestructurados no está tan clara. 
Una explicación es que la elevada cinética no permite el crecimiento de los 
núcleos, y en cada burbuja que  colapsa se forman unos pocos centros de 
nucleación cuyo crecimiento está limitado por la corta duración de dicho 
colapso. 
Además, el colapso provoca algunos fenómenos físicos fuertes fuera de la 
burbuja que contribuyen a los efectos de la cavitación, sobretodo en 
burbujas en la frontera líquido-solido: las fuerzas de corte, chorros y las 
ondas de choque.  
Por lo tanto, hay básicamente dos grupos de efectos: efectos químicos y 
mecánicos (físicos).22,26 
Los efectos químicos de la aplicación de ultrasonidos son muchos, por 
ejemplo, la irradiación ultrasónica puede aumentar reactividades en más 
de un millón de veces, o provocar la reducción de nanopartículas 
metálicas. Dependiendo de las condiciones de sonicación se encuentran 
efectos químicos relacionados con la creación de nuevos enlaces, defectos 
y cambios en estados de oxidación. Los efectos mecánicos, entre los que 
pueden incluirse la mejora en la reducción del tamaño de partícula en 
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suspensiones o el efecto desaglomerante, influencian también los 
procesos electroquímicos surtiendo de especies activas a los reactores y 
disminuyendo la energía necesaria para atravesar la doble capa debido a 
la alta agitación, alterando la evolución de gases en electrodos.21 En los 
sistemas líquido-líquido se obtiene una mejora en la producción de 
micelas en emulsiones y la reducción de su tamaño.  
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1.9 ANODIZACIÓN 
El proceso de anodización de algunos metales y aleaciones es altamente 
utilizado y conocido en la industria y se utiliza para la preparación de capas 
compactas de óxido superficial con diferentes propósitos. Estos óxidos, 
denominados óxidos anódicos, también pueden producirse en capas 
porosas (con tamaños de poro incluso en el rango nanométrico), o en 
forma de nanotubos (organizados o no),  simplemente variando el 
electrolito en el que se realiza la oxidación electroquímica.   
Existe fundamentalmente una diferenciación en cuanto a los electrolitos 
utilizados, entre acuosos y no acuosos, ya que la interpretación del 
proceso de anodización en cada uno de estos resulta ligeramente distinta.   
Los primeros trabajos sobre óxidos anódicos perfectamente auto-
organizados datan de 1995 cuando Masuda y Fusuda sintetizaron 
electroquímicamente una capa de alúmina con nanoporos distribuidos 
hexagonalmente con un grado muy alto de orden.
30
 
Las aplicaciones para dichas capas porosas no se hicieron esperar, 
aportando gran utilidad como plantillas para la producción en su interior 
de nanohilos o nanotubos de diferentes materiales.
31-37
  
Zwilling et al. descubrieron  en 1999 que usando un disolución electrolítica 
con contenido en fluoruro podían formarse estructuras de óxido porosas 
y tubulares en la superficie del titanio.
38-39
 
Las características físicas y químicas tan interesantes del óxido de titanio, 
la multitud de aplicaciones para las que resulta indicado, su estabilidad, 
baja toxicidad y bajo coste, han hecho de este “caballero blanco” uno 
de los materiales más investigados de los últimos años.38-46  
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En trabajos posteriores se fueron encontrando los parámetros clave  que 
afectaban a la morfología de dichas estructuras y se fueron mejorando 
aspectos como el grado de orden, pero sin conseguir estructuras ideales.  
La introducción de electrolitos orgánicos (no acuosos) supuso una 
evolución muy importante en cuanto a la obtención de estructuras más 
uniformes, con mayores grados de orden, nanotubos más largos con 
relaciones de aspecto muy elevadas, así como la mejora en el control de la 
geometría de las estructuras a través de las variaciones de los parámetros 
de anodización, tales como voltajes, duración del proceso o 
concentraciones del electrolito.
47
  
La baja solubilidad del óxido en el electrolito es el factor primordial que 
permite la formación de capas compactas de óxido anódico. Sin embargo, 
para la formación de estructuras porosas o tubulares de óxidos metálicos 
se necesita alcanzar un equilibrio entre la formación del óxido anódico y 
la disolución del mismo. Es decir, se necesita un electrolito en el que la 
solubilidad del óxido alcance un compromiso con su ratio de formación.   
Durante los primeros segundos de anodización, la superficie metálica se 
cubre de una capa compacta de óxido, independientemente de la 
existencia o no de fluoruro en el electrolito, cuyo crecimiento es 
gobernado por el mecanismo de alto campo eléctrico. Dicha capa crece 
en dirección perpendicular a la superficie a expensas de las reacciones 
anódicas que transcurren a ambos lados de la misma, en la interfase 
metal-óxido y en la óxido-electrolito como se aprecia en la Figura 1.9.  
En la interfase metal-óxido, los iones de oxígeno que migran hasta llegar 
al metal reaccionan con éste, incrementando el espesor de la capa de 
óxido. 
  M(s) + xO2-    MOx/2(s) + 2xe-   (1.18) 
  M(s)  Mx+ + xe-    (1.19) 
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Figura 1.9. Capa compacta formada en los primeros instantes de la anodización con crecimiento 
gobernado por el campo eléctrico aplicado 
     
De tal forma que los cationes metálicos creados pasan a formar parte o 
bien de la capa anódica o bien del electrolito migrando hasta el lado de la 
superficie de contacto óxido-electrolito: 
  Mx+ + x/2H2O(l)  MOx/2(s) + xH+  (1.20) 
Teniendo en cuenta la estabilidad termodinámica del agua, normalmente 
se produce evolución de oxígeno durante las reacciones de anodización: 
  H2O(l)  O2(g) + 4H+ + 4e-   (1.21) 
La cantidad de oxígeno que evolucione en la superficie del metal u óxido 
dependerá de la conductividad de dichos materiales y claramente de la 
cantidad de agua que contenga el electrolito. Una intensa evolución de 
oxígeno puede ser responsable de altas corrientes a través de la capa de 
óxido semiconductor provocando descargas disruptivas, al mismo tiempo 
que una baja velocidad de formación en las burbujas de oxígeno puede 
impedir la formación o crecimiento de los poros, desembocando en capas 
de nanotubos muy desordenadas. 
Tesis doctoral. Capítulo 1 Introducción 2015 
 
37 
Nanomateriales estructurados obtenidos mediante electroquímica y 
sonoquímica y su aplicación como electrodos de baterías de iones alcalinos 
 
En el caso del Ti, la reacción antes mencionada que eyectaría los cationes 
metálicos, con la ayuda del campo eléctrico, desde la interfase metal-
óxido hasta la óxido-electrolito, es producida gracias a la formación de 
complejos del Ti
4+
 con fluoruros: 
Ti4+ + 6F-  [TiF6]2-    (1.22) 
Esta formación de complejos también es la responsable de la disolución 
del TiO2 como se muestra en la Figura 1.10: 
  TiO2(s) + 6F- + 4H+  [TiF6]2- + 2H2O(l)  (1.23) 
En el transcurso de la oxidación electroquímica de los metales existe una 
expansión en volumen del material original al transformarse en óxido. Esta 
relación en volumen entre el metal y su óxido es conocida como 
Pilling-Bedworth. En multitud de ocasiones, como es el caso del óxido de 
Ti amorfo, el óxido ocupa más de dos veces el volumen del metal original 
del que se genera, incurriendo esta expansión de volumen en tensiones 
mecánicas localizadas en las regiones de contacto metal-óxido, de tal 
forma que la capa de óxido que tiende a curvarse, queda separada del 
metal y continúa creciendo en dirección perpendicular al sustrato 
metálico mediante flujo plástico del óxido formado (Figura 1.11).  
De esta manera, la cara del óxido correspondiente a la interfase óxido-
electrolito es la que ahora forma la cara interna de la pared de los 
nanotubos, al mismo tiempo la cara correspondiente a la interfase metal-
óxido, rica en fluoruro, es la que queda en el exterior de los nanotubos en 
contacto con sus análogas de los nanotubos adyacentes. 
La combinación de la generación-disolución del óxido de titanio regido 
por un alto campo eléctrico (muy intenso en la base de los tubos) con el 
flujo plástico del óxido ambos en dirección perpendicular al sustrato de 
titanio, permite el crecimiento de las paredes de los tubos que, 
inicialmente presentarán empaquetamiento hexagonal y prácticamente 
aspecto de matriz porosa. La dirección del crecimiento del óxido de los 
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Figura 1.10. Esquema de formación de la capa compacta de óxido y su diferencia de riqueza en 
fluoruros 
 
Figura 1.11. Esquema de formación del fondo de nanotubo debido al crecimiento  de la capa  de 
óxido proporcionado por el flujo plástico de la misma perpendicularmente al sustrato. 
 
nanotubos debido al flujo plástico es entonces la misma que la de la 
penetración del poro en el sustrato de titanio pero de sentido contrario 
como se aprecia en la Figura 1.12.  
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Posteriormente, gracias a la solubilidad antes comentada de la capa de 
óxido rica en fluoruro en agua, el carácter poroso de la capa de óxido 
inicial se transforma en una capa de nanotubos auto-organizados de 
óxido de titanio, ya que las fronteras quedan disueltas al prolongar su 
tiempo de exposición al electrolito con contenido acuoso (Figura 1.13).     
Figura 1.12. Crecimiento estable de los nanotubos auto-organizados. 
 
Una de las mayores ventajas de los nanotubos de TiO2 que los convierten 
en tecnología nanoarquitecturizable es la posibilidad de controlar la 
geometría de los mismos a través de los parámetros de anodización. El 
diámetro de los nanotubos y por tanto la densidad geométrica de 
nanotubos, dependen en gran medida del campo eléctrico aplicado para 
electrolitos y temperaturas concretas. La longitud es proporcional al 
tiempo de anodización, así como el contenido en agua dictaminará el ratio 
de disolución del óxido implicado en el espesor de las paredes de tubo. 
Son múltiples las variaciones posibles, permitiendo reproducir las 
combinaciones que aporten las geometrías más beneficiosas para la 
posible aplicación final del óxido auto-organizado. En este caso, la 
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aplicación de este nanomaterial como electrodo negativo en baterías de 
ion litio o sodio se ve altamente beneficiada por la relación sinérgica de 
las cualidades del óxido de titanio en varias de sus fases cristalinas, anatasa 
principalmente, para la inserción del Li o acomodamiento superficial del 
Na y las altas superficies específicas expuestas al electrolito y las 
ultracortas distancias de difusión alcanzadas para los cationes.  
 
 Figura 1.13. Separación de las paredes permitiendo la formación de la estructura 
tubular aislada debido a la disolución de la capa exterior rica en fluoruros. 
 
A todo esto habría de añadirse la habilidad de esta estructura para 
adaptarse a los posibles cambios de volumen al actuar como anfitrión en 
reacciones de inserción (existe espacio suficiente para albergar dichas 
expansiones-contracciones sin someter el material a importantes 
tensiones mecánicas que pudiesen destruir la estructura) y la óptima 
conducción eléctrica debida al íntimo contacto establecido entre el 
material activo (óxido) y el colector de corriente (Ti metal) consiguiendo 
reducidos valores de resistividad y una retención de la capacidad 
excelente. 
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1.10 ELECTRODEPOSICIÓN 
La  electrodeposición permite obtener materiales en forma de capas finas 
depositadas a partir de electro-reducción (u oxidación) de iones 
solvatados  permitiendo la obtención de capas de grosor y textura 
controlados, con muy buena adherencia al sustrato. Debido a que con este 
método, el crecimiento de los núcleos se da fuera del equilibrio y que éste 
puede controlarse para generarlos en tamaño nanométrico, los materiales 
obtenidos muestran propiedades diferentes a los materiales masivos. 
El bajo coste económico y relativa simplicidad de la técnica, a parte de la 
escalabilidad del proceso, se presentan como grandes ventajas a 
considerar, ya que trabajar a presión atmosférica y temperaturas bajas 
(<90 ºC), conlleva un importante ahorro energético en aplicaciones 
industriales, además del poder utilizar en la mayoría de los casos 
disoluciones acuosas. 
El material depositado puede producirse por oxidación o reducción de los 
iones presentes en el baño electrolítico al aplicar una corriente o una 
diferencia de potencial. De esta manera, al depender la reacción de 
parámetros eléctricos de conducción, podemos mantener controlada la 
tensión y tomar como variable la corriente generada o viceversa, dando 
lugar a dos técnicas derivadas, electrodeposición galvanostática (corriente 
constante) o electrodeposición potenciostática (tensión constante) .  
El modo galvanostático ofrece mayor nivel de control sobre la velocidad 
de formación de los centros de nucleación y en definitiva de la morfología 
del depósito. 
El modo potenciostático en cambio, permite obtener un material 
depositado de una única fase, seleccionando el potencial igual al de 
reducción del elemento deseado, por ejemplo, evitando que otros 
materiales puedan formarse.  
En el caso de electrodeposición de varios metales desde la misma 
disolución, es decir, co-deposición, el electrolito debe estar elaborado de 
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manera que los cationes tengan un potencial de reducción lo más 
parecido posible de forma que todos se depositen de forma proporcional. 
Para conseguir esto se necesita normalmente de aditivos que formen 
cationes complejos, modificando así sus potenciales de reducción. 
 
 
 
 
 
 
 
 
 
 Figura 1.14. Micrografía SEM de espuma de Ni (Goodfellow) utilizada posteriormente 
como sustrato metálico.   
 
Con este método, de gran versatilidad a la hora de seleccionar las 
características (composición, grosor, tamaño de grano, distancia entre 
centros de nucleación,…) del depósito final, también es posible escoger 
diferentes sustratos de manera que los depósitos queden adheridos en la 
superficie de diferentes metales. Estos sustratos metálicos pueden 
encontrarse  en diversas formas, pudiendo escogerse desde láminas a 
mallas (Figura 1.17), pasando por espumas metálicas que incrementarán 
en gran medida la superficie efectiva del electrodo y posibilitan la creación 
de baterías 3D.   
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1.11 ESTRUCTURAS DE LixTiO2 
Se ha estudiado extensamente la relación existente entre la inserción de 
litio  y el tamaño de partícula en anatasa TiO2, demostrando que la 
capacidad obtenida y la solubilidad del litio en la estructura, incrementan 
sensiblemente con la reducción del tamaño de partícula.48-50 La inserción 
de litio en anatasa TiO2 resulta en una transición de la fase tetragonal 
original o fase α  (I41/amd) a la ortorrómbica (Imma) para Lix~0,5TiO2 
referida como fase β y de ésta a la, de nuevo tetragonal, (I41/amd) LiTiO2  
referida como fase γ .48,51-53 La anatasa completamente litiada, o fase 
γ- LiTiO2  se obtiene únicamente cuando, como veremos, el tamaño de las 
partículas es lo suficientemente pequeño. 
Figura 1.15.Transición de las  fases α-TiO2   β-Li x~0,5TiO2  γ-LiTiO2  durante la inserción de Li.53 
 
Los característicos platós observados en la curva galvanostática durante la 
litiación de anatasa, se infieren de la coexistencia de las fases (α + β), y 
posteriormente la coexistencia de (β + γ) como se aprecia en la Figura 1.2.  
Se conoce también que la difusión de los iones Li+ se da a través de las 
vacantes octaédricas intersticiales de la red cristalina de la anatasa TiO2.
48
 
Estos huecos octaédricos que pueden alojar al litio, presentan 
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originalmente cierta distorsión debida a las interacciones de los Ti4+ en 
configuración de octaedros TiO6 con aristas compartidas.
51
 Las vacantes 
intersticiales  ofrecen gran facilidad para la inserción de litio durante la 
transición de la fase diluida α-Lix~0TiO2 hasta la fase β-Li x~0,5TiO2, pero ésta 
se produce únicamente a través de dichos huecos octaédricos debido a la 
inestabilidad que produciría el uso de los huecos tetraédricos. 
Figura 1.15. Orden de litio y vacantes en la fase β-Li x~0,5TiO2. Li (verde) Ti (azul) y vacante 
(morado) y los posibles caminos para la difusión del litio marcados con flechas.51 
 
Con la incorporación de Li+ en la estructura, los huecos octaédricos se van 
rellenando, organizándose el Li en disposición zigzag de la misma forma 
que los huecos restantes, de manera que existe una expansión en la 
dirección del eje b, una contracción en la dirección del eje c y una ligera 
expansión en la dirección del eje a. Finalmente,  todo esto promueve que 
la simetría tetragonal del anfitrión (fase α) se transforme en un grupo 
espacial ortorrómbico (Imma).  La inserción de litio, que ha ido 
suponiendo la paulatina reducción de parte del  Ti4+ a Ti3+ (50 %) hasta 
alcanzar la composición Lix~0,5TiO2, produce una contracción de la 
distorsión en los huecos octaédricos, reduciendo las distancias 
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interatómicas O-O y disminuyendo así el coeficiente de difusión del litio 
en varios órdenes de magnitud.52 Llegados al punto en que todos los 
huecos octaédricos de menor repulsión electrostática se encuentran 
ocupados, cada litio en configuración zigzag se encuentra coordinado con 
otro átomo de litio y tres vacantes octaédricas, dos de ellas 
simétricamente equivalentes.  
Figura 1.16. diagrama de fases de la concentración de Li en anatasa TiO2 en función del tamaño 
de partícula.48 
 
Esto limita las posibilidades de difusión a dos posibles saltos (Figura 1.15), 
cuyas energías y distancias están lo suficientemente alejadas como para 
que se dé únicamente uno de ellos, promoviendo una difusión 
unidimensional. Debido a esto último, la difusión del Li+ para la formación 
de la fase gamma es de dirección paralela a la superficie en lugar de 
penetrar la misma (dirección perpendicular) cubriendo las partículas y 
dificultando así la penetración sucesiva en las mismas, ya que la fase 
gamma formada posee un coeficiente de difusión muy reducido para el 
ion litio. A pesar de ser una fase termodinámicamente posible, la barrera 
cinética de la pobre difusión del ion litio a través de la fase gamma, limita 
su formación total a las morfologías de anatasa que presentan tamaños 
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de partícula muy reducidos (inferiores a 7 nm), ya que éstas presentan una 
muy elevada superficie y distancias de difusión muy cortas para obtener 
su litiación completa (Figura 1.16).  
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2.1 Optimization of tin intermetallics and 
composite electrodes for lithium-ion batteries 
obtained by sonochemical synthesis 
José R. González, Ricardo Alcántara, Francisco Nacimiento, José L. Tirado 
ABSTRACT  
The optimization of active electrode materials for advanced lithium 
batteries obtained by sonochemically promoted reactions is discussed. 
Composites containing amorphous CoSn intermetallic compound and 
exfoliated graphite are prepared by a combination of graphite 
mechanical exfoliation followed by the reduction of Co
2+
 and Sn
2+
 
solutions in tetraethyleneglycol with NaBH4 with simultaneous high- 
intensity ultrasonication. X-ray diffraction and electron microscopy reveal 
relevant similarities with the negative electrode of the commercial 
Nexelion™ battery. The resulting nanocomposite is tested as an 
electrode material using a lithium polyacrylate binder. The 
electrochemical cycling in lithium test cells shows capacities around 400 
mAh/g after 400 cycles, and the ac impedance spectra reveal low 
resistance values. In the first discharge, nanocrystalline LixSn is formed. 
After cycling, the metallic nanoparticles (ca. 7-20 nm) remain to be X-ray 
amorphous and embedded in the binder. 
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2.1.1 INTRODUCTION 
Two decades ago, lithium-ion batteries gained a prominent position in 
the strongly competitive field of energy storage. Nevertheless, the 
maximum capacity that these batteries may deliver is yet to be achieved. 
A major challenge is the effective utilization of the high lithium storage 
capacity of lithium-alloying elements such as tin and silicon. In practice, 
poor charge–discharge reversibility and short cycle life are commonly 
observed. The introduction of the so-called Nexelion™ battery by Sony 
Corporation in 2005 was a great novelty within the field of lithium-ion 
batteries. The analysis of one of these commercial batteries was 
published by the group of Whittingham in an exciting paper.
1
 It was 
found that the negative electrode, instead of the usual carbon phase, 
contains a mixture at the nanometric level of graphite and an amorphous 
alloy of cobalt, tin, and other elements in a smaller amount. This 
electrode allows an increase in both specific and volumetric capacities in 
comparison to pure graphite. However, the method used to prepare the 
electrode materials in these batteries at the industrial scale is, to the best 
of our knowledge, yet unfolded to the scientific community. Thus, the 
optimized preparation of composite electrode materials containing tin-
based amorphous alloys or intermetallics and carbon for high-
performance electrodes is a great challenge that deserves the interest of 
different research teams.
1-11
 Recently, we reported several examples on 
how high-intensity ultrasonication is a valuable tool to prepare poorly 
crystalline nanoparticles of different tin intermetallics.
2-5
 The low-
temperature synthesis allowed higher lithium storage capacities than 
those observed in larger particles obtained at 500 °C and beyond. Here, 
we report new results on composite materials, together with the detailed 
structural and electrochemical behavior using different additives. 
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2.1.2 EXPERIMENTAL 
CoSn-carbon composite materials were prepared in two steps. First, 
commercial graphite (TIMCAL) was ball-milled during 40 h under an Ar 
flow. Then, a solution of Co
2+
 and Sn
2+
 ions (atomic ratio Co/Sn=1:1) in 
tetraethyleneglycol (TEG) was added while continuously applying high-
intensity ultrasound irradiation from the Vibra-Cell apparatus equipped 
with a Ti horn. Alternatively, an air atmosphere and an Ar flow were used. 
The initial atomic ratio was Co/Sn/C=3:3:4. Then, NaBH4 previously 
dissolved in TEG is slowly added to reduce the Co
2+
 and Sn
2+ 
ions. The 
total time of ultrasonication was 3 h. The resulting solid was separated by 
centrifugation, washed with water and ethanol, and finally dried under 
vacuum at 120 °C overnight. For the sake of comparison, metallic tin 
particles were prepared by ultrasonication of Sn
2+
 ions in TEG without 
addition of NaBH4. The ultrasound irradiation increases the temperature 
of the solution, and consequently, the TEG solvent reduces tin ions to 
metallic Sn. X-ray diffraction (XRD) patterns were recorded in the 
Siemens D5000 instrument with CuKα radiation. Transmission electron 
microscopy (TEM) micrographs were obtained by using the Philips CM10 
instrument, and high-resolution transmission electron microscopy 
(HRTEM) micrographs, by using the JEOL-JEM2010 instrument. The 
electrochemical experiments (galvanostatic cycling and impedance 
spectroscopy measurements) were carried out in the Biologic VMP 
instrument. The electrode material was prepared by using 85 wt% of an 
active material (CoSn-graphite composite) and 15 % of a lithium 
polyacrylate (LiPAA)-like binder. The preparation of LiPAA was reported 
elsewhere.
2,6
 Alternatively, carbon black was added to the electrode, and 
then, the composition was CoSn-graphite = 80 wt%, LiPAA = 8 %, and 
carbon black = 12 %. The loading of the electrodes was about 2 mg/cm
2
 
of an active material. The masses of both metallic particles and graphite 
were taken into account to give the specific capacity values in 
milliampere hour per gram units. The impedance spectra were recorded 
Capítulo 2. Nanomateriales obtenidos por vía Sonoquímica 2015 
 
53 
Nanomateriales estructurados obtenidos mediante electroquímica y 
sonoquímica y su aplicación como electrodos de baterías de iones alcalinos 
 
in three-electrode cells (T-type configuration) in the discharge state (0.0 
V vs. Li
+
/Li). 
2.1.3 RESULTS AND DISCUSSION 
The (002) reflection of graphite was the only resoluble signal in the XRD 
pattern of the CoSn-graphite composite sample (Fig.2.1.1(a)).From this 
result, the X-ray amorphous character of the CoSn intermetallic can be 
derived. The ratio Co/Sn = 1:1 was confirmed by using a scanning 
electron microscope equipped with microanalysis (EDS-type detector). In 
contrast, in the cobalt-free sample, the Sn
2+
 ions dissolved in TEG were 
reduced to crystalline Sn during ultrasonication (Fig. 2.1.1(b)). For the 
sake of comparison, the XRD pattern of pure ball-milled graphite is 
shown in Fig. 2.1.1(c), and the (002) reflection of graphite is indexed. The 
results illustrate the strong tendency of the Co–Sn system to form an 
amorphous alloy.  
 
 
 
 
 
 
 
 
 
Figure 2.1.1 XRD patterns for (a) CoSn alloy-graphite composite and (b) Sn that are both obtained 
by ultrasonication in TEG solvent, and (c) ball milled graphite. The Miller indexes are indicated. 
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The TEM and HRTEM images showed nanometric metallic particles with 
diameters in the 5–20 nm range deposited on exfoliated graphite 
particles (ultrathin graphite) (Fig. 2.1.2). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.2 TEM and HRTEM micrographs for CoSn-graphite composite. 
 
Both amorphous regions and fringes of small crystalline domains are 
observed, and this is in good agreement with the resulting electron 
diffraction pattern that comprises both diffraction spots and Debye 
circles. Alloy nanoparticles deposited on the graphitic particles surface 
can be observed. The fact that metallic and carbon particles remained 
anchored together after washing during the preparation of the samples 
and even after the dispersion of the specimen by ultrasounds for the TEM 
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observation strongly suggests the possible occurrence of physical–
chemical interaction between the alloy particles and the graphite 
surface.
12
 Probably, oxygen atoms link the metallic and the graphite 
particles, although the nature of these interactions is not clarified. The 
observed structural and morphological properties of the obtained 
electrode material are quite similar to those described for the Sony-
commercialized Nexelion™ battery,1 although a distinct property of our 
material is the ultrathin character of the graphitic phase as due to the 
previous ball-milling treatment and the consequent exfoliation. The 
electrochemical response of the composite electrode material was 
studied in lithium test cells. For CoSn-graphite electrode material 
prepared in air atmosphere and with LiPAA binder, the potential–capacity 
curves (V vs. Q), the corresponding derivative curves (dQ/dV vs. V), and 
the resulting specific capacity values (Q, referred to the mass of cobalt, 
tin, and carbon atoms) as a function of the cycle number are shown in 
Fig. 2.1.3. As a result of the poor crystallinity, no plateaus are observed in 
the V–Q curves (Fig. 2.1.3a), and no narrow peaks are observed in the 
derivative plots (Fig. 2.1.3b). Looking at the derivative plots, the 
formation of large domains of crystalline LixSn is not expected. The initial 
coulombic efficiency is low, and the capacity of the second discharge is 
only 68.4 % of the first discharge capacity. The solid electrolyte interface 
(SEI) formation on the highly reactive surface of the ultrathin graphitic 
particles that were previously ball-milled can contribute to the 
irreversible part of the first cycle.
13
 The capacity tends to fall slowly 
during the first 200 cycles and, later, is more stable (Fig.2.1.3c). The 
capacity is over 400 mAh/g (it is superior to graphite) after 450 cycles and 
at low kinetics (25 mA/g of imposed current intensity). At high current 
densities (100 mA/g), the capacity is around 300 mAh/g, but the stability 
is better than at lower current densities. These results strongly suggest 
that the electrolyte may be irreversibly consumed at low kinetics and 
yielding to capacity fade. On the other hand, the capacity corresponding 
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Figure 2.1.3 (A) Potential-capacity curves, (B) corresponding derivative plot and (C) specific 
capacity as a function of cycle number and for air-prepared sample. Variable current intensities 
were used (25, 50 and 100 mA/g). Electrode composition: 85 % of CoSn-ball milled graphite (air 
atmosphere, ultrasounds) and 15 % of LiPAA binder. 
 
to lithium extraction is initially increased from cycles 1 to 10, and this 
result suggests the occurrence of activation processes in the first few 
cycles. In addition, since the first charge exhibits 145 mAh/g of capacity 
value in the region from 2.0 to 2.5 V (23 % of the total charge capacity), a 
non-faradaic contribution of the ultrathin graphite, such as lithium 
adsorption on the graphitic planes parallel to the a–b hexagonal axis, 
cannot be discarded.
1-4
 Alternatively, the capacity over 2.0 V may be due 
to the extraction of lithium from in situ formed lithia as due to the 
reaction of Li with XRD-undetected oxides. Since the density of Li2O is 
smaller than cobalt and tin densities, the volume fraction of lithia may be 
significant. After the electrochemical cycling as shown in Fig. 2.1.3, the 
electrode was recuperated and examined in the HRTEM instrument. 
Metallic particles with a diameter in the order of 7–20 nm that are 
embedded in the organic matrix (LiPAA binder) are observed (Fig.2.1.4). 
Most of the particles are nearly amorphous, and only a few particles 
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show small regions with fringes. With a view of improving the 
electrochemical response, three strategies were essayed: (1) the 
preparation route was modified, and Ar was flowed through the TEG 
solution; (2) carbon black was added to improve the electrical connection 
between the electrode particles; and (3) the potential limit of 
electrochemical cycling was changed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.4 HRTEM micrographs for the same electrode used in Fig. 2.1.3 and recuperated after 
electrochemical cycling (460 cycles). 
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Thus, the electrochemistry of the electrode containing CoSn-graphite 
prepared in Ar atmosphere, LiPAA binder, and carbon black as 
conductive agent is shown in Fig. 2.1.5.  
 
 
 
 
 
 
 
 
 
Figure 2.1.5 (A) Potential-capacity curves, (B) corresponding derivative plots and (C) capacity as a 
function of cycle number for Ar-prepared electrode composed of: CoSn-graphite = 80 %wt., LiPAA 
= 8 %wt. and carbon black = 12 %wt. 
 
As a result of a minimized oxidation of the metallic particles, the total 
capacity of the first discharge is slightly lower in Fig. 2.1.5 than in Fig. 
2.1.3. The capacity value as a function of the cycle number was studied in 
this case with a variable upper potential limit and at fixed current 
intensity (50 mA/g) (Fig. 2.1.5c). As a result of the presence of the carbon 
black (SEI formation on carbon black) and the limited upper potential 
limit (1.2 V), a good amount of the lithium remains trapped in the 
electrode after the first cycle, and the initial coulombic efficiency is low 
(40.3 %). Later, after increasing the voltage limit up to 2.0 V, the specific 
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capacity increases, but the stability of the electrode is poorer for this 
potential limit. After 25 cycles, the upper potential limit was again 
decreased to 1.2 V, and then, the observed electrode stability is excellent. 
Irrespectively that the capacity retention and the stability of the electrode 
material are excellent, the capacity is only around 350–300 mAh/g. The 
derivative plot (dQ/dV vs. V) corresponding to the first discharge exhibits 
two irreversible peaks that are relatively narrow placed at 1.1 and 1.0 V 
(Fig. 2.1.5b). These two peaks may be ascribed to formation of SEI (in 
carbon and/or metallic particles) and/or reduction of surface oxide to 
form Li2O and metallic elements (Sn and/or Co) due to fortuitous surface 
oxidation during the storage of the electrode material. The Li–Sn alloying 
process in nanostructured pure tin would take place below 0.5 V.
8
 In the 
first charge process, the peak observed at 0.90 V may be ascribed to 
extraction of lithium from the alloy. With further cycling, the profile of the 
derivative is smoother, and the intensity of the charge peak at 0.90 V 
decreases when the cycle number increases. The derivative curves remain 
unchanged and with a broadened profile from cycles 30 to 100, and 
consequently, the formation of crystalline large grains of LixSn can be 
discarded. The only observed peaks are located below 0.2 V and, more 
probably, are due to insertion of lithium into graphitic particles. These 
electrochemical results reveal an activation process in the first ca. 10 
cycles that may be equivalent to an electrochemical grinding and 
reduction of crystallinity as is further discussed below in the light of XRD 
and impedance results. For the same electrode active material that is 
studied in Fig. 2.1.5, the ac impedance spectra were recorded in the 
discharged state (0.0 V vs. Li
+
/Li) at several cycles (Fig. 2.1.6). In order to 
avoid additional contributions to the spectra, carbon black additive was 
not used as an electrode additive to obtain the impedance spectra that 
are shown in Fig. 2.1.6a. The impedance spectra show two depressed 
semicircles located at high and medium frequencies and a sloped line at 
low frequencies. These two semicircles are partially overlapped. The 
spectra were fitted using the following equivalent circuit: 
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[R1+(Q2/R2)+(Q3/[R3+W])], where R represents resistor, Q is a constant 
phase element, and the Warburg element is represented by W. The 
observed low resistance values are in good agreement with the optimum 
electrochemical properties of these electrode materials. The surface 
area-normalized resistance corresponding to the transfer of lithium 
through the surface film (R2) is around 2–3 ohm/cm2 (Fig. 2.1.6b).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.6 (A) Impedance spectra  and (B) R2 and R3 values  for CoSn-ball milled graphite (Ar 
atmosphere and ultrasounds) (no carbon black)-LiPAA electrode material at different cycle number. 
Cycling: 50 mA/g of current density and 0.0-2.0 V of potential window. 
 
The charge transfer resistance between the surface film and the active 
material (R2) is around 6–9 ohm/cm
2
. The results show that the surface 
film is very stable, while the charge transfer resistance slightly increases. 
A larger increase of the resistances would be expected for crystalline tin 
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as a result of its abrupt volume changes upon cycling.
15
 More probably, 
the easy cobalt–tin diffusion yields to the formation of very small and 
poorly crystallized alloy particles where lithium atoms can be 
accommodated reversibly, while crystalline phases based on the Li–Sn 
system disappear upon cycling, and consequently, a little of electrode 
pulverization and loss of electrical contact can happen. Thus, the 
formation of amorphous Li–Co–Sn alloys also has been reported by other 
authors.
6,7
 The slight increase of the charge transfer resistance during 
cycling can be related with the capacity fade (Fig. 2.1.5). To study the 
electrochemical reaction mechanism between the CoSn-exfoliated 
graphite electrode material and Li, XRD patterns were recorded at 
selected states of discharge and charge (Fig. 2.1.7). In this case, the 
sample prepared in air was used. Thus, the electrode material used in Fig. 
2.1.7 is equivalent to the material used in Fig. 2.1.3. Irrespectively of the 
peaks ascribed to the plastic film used to protect the electrode and to the 
Cu substrate, the ex situ XRD patterns obtained after the partial or total 
first discharge (0.0 V) show the (002) reflection of graphite and another 
peak at ca. 23°/2θ that can be ascribed to a nanoscale LixSn phase such 
as Li13Sn5 (ICDD file no. 29-0838)
3
 or Li22Sn5 (ICDD file no. 18-0753).
10,11
 
The small size of the LixSn regions would prevent the occurrence of 
further Bragg peaks and any unambiguous assignation of the reflection 
of LixSn. The intensity of the peak at ca. 23°/2θ is lower for the completely 
discharged electrode. The cobalt atoms remain to be XRD undetected, 
and a certain degree of interaction between the cobalt and tin atoms is 
expected. Thus, the lithiated tin phase may be described initially like a 
LixSn–Co alloy. On the other hand, staging phenomena are not observed 
in the ultrathin graphite phase, and the (002) graphite peak is only 
slightly shifted from 26.63°/2θ to 26.52°/2θ for partially lithiated samples, 
while it is hardly observed in the completely lithiated sample (0.0 V). 
Previous studies showed hindering of the staging phenomena on ball-
milled graphite that resulted in the observation of the staging 
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Figure 2.1.7 Ex-situ XRD patterns for pristine CoSn-ball milled graphite (air atmosphere and 
ultrasounds) composite (a) and electrodes recuperated from lithium cells at selected states of the 
first discharge (b-d), first charge (e), second discharge (f) and after many cycles (g). The electrode 
material was removed from the Cu-substrate in (f and g). The XRD of the plastic film used to protect 
the electrode form reaction with air atmosphere is shown in (h). 
 
phenomena at capacity values larger than the theoretical ones.
13
 It seems 
that the ultrathin character of the graphite layers in the CoSn-graphite 
electrode does not allow a grain size enough to XRD detection of the 
stage I (LiC6 composition). After a whole discharge–charge cycle (Fig. 
2.1.7(e)), after the second discharge (Fig. 2.1.7(f)), and after many cycles 
(Fig. 2.1.7(g)), the respective XRD patterns do not show any reflection of 
LixSn or any intermetallic phase. These XRD results involve that although 
crystalline LixSn phases may initially appear during the first discharge, the 
tin-based particles remain amorphous and with small size after further 
cycling, being in good agreement with the derivative plots (Fig. 2.1.5) and 
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the TEM micrographs. Taking into account the results and the discussion 
of the mechanisms above, the electrochemical reactions with Li of CoSn 
alloy in our composite electrode can be written as follows. First discharge 
to 0.0 V:  
xLi + CoSn → LixSn + Co     (2.1)  
First charge to 2.0 V:  
LixSn + Co → CoSn +xLi      (2.2)  
Successive discharge–charge cycles:  
CoSn +x Li → LixSn +Co      (2.3) 
 
2.1.4 CONCLUSIONS 
Composite electrode materials containing ultrathin (exfoliated) graphite 
and amorphous CoSn alloy nanoparticles have been prepared by 
sonochemically promoted reactions. The use of LiPAA binder was found 
to be highly beneficial to preserve the integrity of the electrode while 
preserving the small size of the nanoparticles after cycling. The 
impedance spectra of the lithiated electrodes show two semicircles of 
small size and low resistance values. During the first discharge, an XRD 
peak due to poorly crystallized LixSn alloy is detected. After the first 
discharge–charge cycle, crystalline LixSn phases are no longer detected 
by XRD, most probably due to the formation of amorphous LixSn–Co 
alloy. The stabilization of the electrode material after the initial charge–
discharge cycling involves a slight increase of the charge transfer 
resistance and an amorphization processes. 
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2.2 High-intensity ultrasonication as a way to 
prepare graphene/amorphous iron oxyhydroxide 
hybrid electrode with high capacity in lithium battery 
José R. Gonzáleza, Rosa Menéndezb, Ricardo Alcántaraa*, Francisco 
Nacimiento
a, José L. Tiradoa, Ekaterina Zhechevac, Radostina Stoyanovac 
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cInstitute of General and Inorganic Chemistry, Bulgarian Academy of Science, 1113 Sofia, Bulgaria. 
ABSTRACT 
The preparation of graphene/iron oxyhydroxide hybrid electrode 
material with very homogeneous distribution and close contact of 
graphene and amorphous iron oxyhydroxide nanoparticles has been 
achieved by using high-intensity ultrasonication. Due to the negative 
charge of the graphene surface, iron ions are attracted towards the 
surface of dispersed graphene, according to the zeta potential 
measurements. The anchoring of the FeOOH particles to the graphene 
layers has been revealed by using mainly TEM, XPS and EPR. TEM 
observations show that the size of the iron oxide particles is about 4 nm. 
The ultrasonication treatment is the key parameter to achieve small 
particle size in these graphene/iron oxyhydroxide hybrid materials. The 
electrochemical behavior of composite graphene/amorphous iron 
oxyhydroxide prepared by using high-intensity ultrasonication is 
outstanding in terms of gravimetric capacity and cycling stability, 
particularly when metallic foam is used as both the substrate and current 
collector. The XRD-amorphous character of iron oxyhydroxide in the 
hybrid electrode material and the small particle size contribute to achieve 
the improved electrochemical performance. 
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2.2.1 INTRODUCTION 
Modern society claims for the development of batteries with more power 
and energy density, longer life, and lower cost and environmental impact. 
A strategy to achieve these goals is to replace the negative electrode 
based on graphite by alternative materials. 
Microstructured composites of graphite/metal oxide have extensively 
studied for the negative electrode of lithium ion batteries.
1
 
Nanostructured composites of graphene/metal oxide
2-4
 and other forms 
of carbon/metal oxide composites
5-7
 are also being explored. The hybrid 
character (carbonaceous material/non-carbonaceous material) of these 
composite electrode materials can enhance the resulting electrochemical 
properties. Thus, for example, the graphene phase can act like a 
carbonaceous network that provides an electronic conduction pathway, 
prevents the agglomeration of the metal oxide particles and buffers the 
volume changes. In addition, graphene can exhibit higher gravimetric 
capacity than graphite to store lithium. In addition, taking into account 
the low toxicity and large abundance of iron, one of the most interesting 
graphene/metal oxide composites is graphene/iron oxide.
8-13
 In all 
papers cited above, the iron oxide phase was microcrystalline or 
nanocrystalline to X-ray diffraction (XRD). However, the use of iron oxide 
particles with very small size and amorphous character may improve the 
electrochemical behavior in comparison with larger and crystalline 
particles. Thus, the use of infrared irradiation to obtain 
graphene/amorphous FeOOH was recently reported.
14
  
On the other hand, previous works found that sonochemistry is a very 
promising method to prepare electrode materials for batteries,
15,16
 
particularly when high dispersion, small size and amorphous character of 
the particles are advantageous. 
Having all this in mind, we decided to explore the use the sonochemical 
method to prepare graphene/iron oxide electrode materials. In this 
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paper we report a new and easy way to obtain graphene/amorphous iron 
oxyhydroxide hybrid nanostructure in which the iron phase is 
XRD-amorphous. In order to prepare this material we report the use of 
high intensity ultrasonication for first time. The structure and 
electrochemical properties of hybrid materials are examined by means of 
powder XRD diffraction, Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy (TEM), particle size distribution, 
57
Fe 
Mössbauer spectroscopy, Electron Paramagnetic Resonance (EPR), 
thermogravimetric analysis (TGA), galvanostatic measurements and 
impedance spectroscopy. Here we reveal the interactions between the 
graphene layers and the iron oxyhydroxide nanoparticles using EPR for 
the first time. These interactions are correlated with very high electrode 
capacities. 
 
2.2.2 EXPERIMENTAL 
2.2.2.1 Preparation of graphene and 
graphene/iron oxyhydroxide 
Reduced graphene oxide (RGO) was prepared as follows. Firstly, 
graphene oxide was obtained from graphite and using the Brodie 
method.
17
 Secondly, graphene oxide was exfoliated and reduced at 
700°C under nitrogen atmosphere.  
Composite material containing reduced graphene oxide and iron 
oxyhydroxide (RGO/Fe) was prepared using the ultrasonication method. 
For this purpose, 2.5 g of Fe(NO3)3·9H2O and 33.3 mg of RGO were 
dispersed in 250 ml of ethanol and ultrasonicated for 1 h under high 
intensity radiation using a Sonics VCX750 sonicator with Ti-horn. The 
ultrasound irradiation formed a homogeneous suspension and 
promoted the anchoring of ultrafine FeOOH particles to graphene layers. 
It is known that ultrasound irradiation can exfoliate stacked graphene 
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layers and favors formation of stable colloidal dispersions under mild 
conditions.
18
 The amount of iron added to the RGO suspension in 
ethanol (10370% wt. as referred to the RGO mass) is in large excess as 
referred to the amount of iron that is effectively incorporated in the 
resulting RGO/iron oxide composite. In fact, only a small fraction of the 
added iron ions are trapped by RGO, as discussed below. For 
comparative purposes, an RGO/Fe composite was prepared by adding a 
smaller amount of iron (8 % wt.) to the dispersion. The samples prepared 
with smaller and larger iron amount will be henceforth referred to as 
RGO/Fe1 and RGO/Fe2, respectively. The resultant suspensions were 
collected by centrifugation, washed with ethanol, recentrifugated, and 
dried under vacuum at 120ºC overnight. Also for comparative purposes, 
a sample was prepared following the same method although 
ultrasonication was not applied.  
In addition, graphene-free iron oxyhydroxide was also prepared by 
following a similar method except for the absence of graphene. For this 
sample, heating at 80°C for 2 h was used to partially evaporate the 
solvent and to precipitate the solid, due to the fact that in absence of 
external heating precipitation was not observed. After formation of the 
precipitate, it was separated by ultracentrifugation, washed with ethanol, 
reultracentrifugated, and finally dried under vacuum at 120°C overnight. 
In order to evaluate the interactions between dispersed graphene 
particles and iron ions, zeta potential was measured using a ZPALS 
Brookhaven instrument and the Smoluchovski equation was used. The 
same instrument was used to obtain particle size distribution by the 
dynamic light scattering method. 
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2.2.2.2 Materials characterization 
X-ray diffraction (XRD) experiments were performed in a Siemens D5000 
instrument with CuKα radiation. Mössbauer spectra were recorded at 
room temperature using a Wissel instrument and calibration was 
performed by using a foil of α-Fe. 
The EPR spectra were recorded as the first derivative of the absorption 
signal on an ERS-220/Q spectrometer within the temperature range of 
90-400 K. The g factors relative to a Mn
2+
/ZnS standard were determined. 
The signal intensity was established by double integration of the 
experimental EPR spectrum. To facilitate the analysis of the EPR spectra 
of the hybrid materials, EPR standards for bulk FeOOH and α-Fe2O3 was 
used. 
Thermogravimetry analysis (TGA) experiments were performed in an air 
atmosphere, at 5°C/min of heating rate, using a Shimadzu instrument 
and alumina pans. 
For Scanning Electron Microscopy (SEM) a JSM6300 instrument with 
electron probe microanalyzer (EPMA) based on an energy dispersive 
spectrometer (EDS) was used. Transmission Electron Microscopy (TEM) 
micrographs were alternatively obtained by using a JEM2010 equipped 
with EPMA, or a JEOL1400 instrument. 
 
2.2.2.3 Electrochemical characterization 
The active material of the working (positive) electrode was RGO/Fe (80 
%wt.) mixed with binder (PVDF, 10 %wt.) and carbon black (10 %wt.). The 
mixture was deposited on a Cu foil current collector supplied by 
Goodfellow. Alternatively, nickel (or copper) foam was used instead of 
copper foil. The electrodes were dried under vacuum at 120°C prior to 
the electrochemical tests, which were carried out in cells mounted in an 
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Ar-filled glove box. The counter electrode was a lithium disk. The 
electrolyte was 1 M LiPF6 in EC:DEC (1:1) solvents mixture. Galvanostatic 
cycling experiments and impedance spectra were obtained with a VMP 
(Biologic) instrument. 
 
2.2.3 RESULTS AND DISCUSSION 
2.2.3.1 Materials characterization 
The zeta-potential of RGO particles dispersed in ethanol by 
ultrasonication was ca. -20 mV (Fig. 2.2.1). After adding 8-14 %wt. iron 
ions (from Fe(NO3)3·9H2O) to the RGO dispersion, the zeta potential was 
shifted to values in the 10-15 mV range.  These results evidence that the 
negatively charged surface of the RGO nanoparticles attracts the iron(III) 
ions and then these ions are anchored to the surface of RGO. Thus, this 
procedure allows an intimate mixture between graphene layers and iron 
ions. The high-intensity ultrasound irradiation contributes to enhance the 
dispersion and mixture homogeneity of RGO particles and iron ions.  
 
 
 
 
 
 
 
 
Figure 2.2.1 Zeta potential as a function of relative amount of iron (percentage of iron mass/RGO 
mass). 
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The presence of crystalline phases and sample composition were studied 
by using XRD (Fig. 2.2.2) and TGA (Fig. 2.2.3). Fig. 2.2.2A shows the XRD 
patterns for pristine RGO, RGO/Fe2 (prepared with and without 
ultrasonication) and RGO/Fe2 recuperated after the TGA experiment 
(annealing in air atmosphere up to 600°C). The XRD pattern of RGO (Fig. 
2.2.2Aa) exhibits a broadened peak centered at ca. 25°/2θ that is 
assigned to the (002) Bragg reflection of graphitic carbon, as it is typically 
found in the literature for reduced graphene oxide.
19
 Apparently, this 
(002) reflection is even more broadened and less intense for RGO/Fe2 
(Fig. 2.2.2Ab) than for the pristine RGO. After ultrasonication and further 
exfoliation of the graphene particles, the presence of FeOOH may 
contribute to avoid the stacking of graphene layers. The peak with very 
low intensity at about 42°/2θ can be ascribed to the (100) reflection. The 
XRD pattern of the hybrid RGO/Fe2 nanostructure does not exhibit 
reflections ascribable to iron compounds. On the other hand, the amount 
of carbon in the composite can be determined using TGA (Fig. 2.2.3). 
According to the TGA results, the pristine RGO sample (Fig. 2.2.3a) is 
partially oxidized at 200°C (ca. 8% mass gain and formation of graphene 
oxide), and then is oxidized (CO2 gas formation) at about 530°C (Fig. 
2.2.3a).  
Apparently, the presence of iron oxyhydroxide decreases the 
temperature of graphene oxidation, as a result of the oxidation of carbon 
by Fe(III). The TGA results show a total mass loss of 71 %wt. for RGO/Fe1 
and 30 %wt. for RGO/Fe2. The oxidation of carbon to carbon dioxide 
takes place at about 320-450°C (ca. 52 % mass loss for RGO/Fe1 and ca. 
17 % for RGO/Fe2). The small initial mass loss up to 200°C is ascribed to 
solvent (ethanol) and water evaporation (2-6 % mass loss). The estimated 
iron oxide content for RGO/Fe1 and RGO/Fe2 is ca. 25 % and 66 %, 
respectively. Consequently, only a relatively small amount of the iron ions 
that were initially added to the dispersion of graphene nanosheets in 
ethanol become trapped in the resulting composite material RGO/Fe. 
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The XRD pattern of the sample recuperated after the TGA experiment 
(Fig. 2.2.2Ac) shows reflections of hematite (hexagonal Fe2O3, XRD 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.2 XRD patterns for several samples. (A) (a) reduced graphene oxide (RGO), (b) 
composite RGO/Fe2 obtained with ultrasonication and (c) the same sample than (b) but after 
thermal analysis up to 600°C in air atmosphere. In (c), the Bragg reflections of hematite (Fe2O3, 
XRD file number 33-0664) are indexed. (B) Iron oxide obtained following the same procedure by in 
the absence of graphene, before (a) and after (b) annealing in air atmosphere at 600°C. 
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file number 33-0664). From the broadening of the hematite reflections 
and applying the Scherrer equation, the resulting grain size of the 
hematite phase calcined at 600°C is Lc=26 nm. On the other hand, the 
XRD of the sample obtained by using an equivalent experimental 
procedure but in the absence of graphene (Fig. 2.2.2Ba) shows the 
broadened XRD reflections of β-FeOOH (akaganeite, XRD file nº 34-
1266), and the average crystallite size is Lc = 6.9 nm. It is worth noting 
that in order to precipitate FeOOH in the absence of RGO it was 
necessary to evaporate the ethanol solvent. After annealing akaganeite 
β-FeOOH at 600°C in air atmopshere, hematite Fe2O3 is formed (Fig. 
2.2.2Bb). The transformation of akaganeite to hematite contributes to the 
initial mass loss of RGO/Fe at about 200°C in the TGA experiments.  
 
 
 
 
 
 
 
 
 
Figure  2.2.3 TGA for (a) iron-free RGO, (b) RGO/Fe1 and (c) RGO/Fe2. 
 
The iron atoms were studied by using the selective Mössbauer effect. The 
room temperature 
57Fe Mössbauer spectrum of the obtained akaganeite 
β-FeOOH is shown in Fig. 2.2.4A.  
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According to the literature this compound is paramagnetic at room 
temperature and antiferromagnetic at lower temperatures (Neel 
       
Figure 2.2.4  57Fe Mössbauer spectrum for (A) nanocrystalline β-FeOOH and (B) RGO/Fe2. 
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temperature at about 110–120 K).20 Two doublets have been used to fit 
the spectrum. For the first doublet (62.6 % of relative contribution), the 
resulting isomer shift was δ=0.376(9) mm/s, and the quadrupole splitting 
was Δ=0.61(2) mm/s. For the second doublet (37.4 % of relative 
contribution), the parameters were δ=0.38(2) mm/s and Δ=1.06(4) 
mm/s. These results agree well with the literature and trivalent state of 
iron atoms placed at two different sites of the akaganeite lattice.
21,22
 
According to the quadrupole splitting value, the second doublet 
corresponds to a more distorted octahedral site. The Mössbauer 
spectrum of the composite sample RGOFe2 (Fig. 2.2.4A) agrees well with 
the presence of FeOOH. In addition, the Mössbauer spectrum of RGOFe2 
prepared without applying ultrasonication showed no significant 
differences (not shown). 
To further investigate the composition of the RGO/Fe2 hybrid 
nanostructure, XPS was used (Fig. 2.2.5) and the spectra were interpreted 
according to the literature.
23-25
 The C1s region can be deconvoluted into 
three components (Fig. 2.2.5A). The most intense peak is placed at 285.2 
eV and is ascribed to C-C and C=C.   The peak at 286.8 eV is ascribed to 
C-O. The peak placed at 289.1 eV is due to O-C=O. In the O1s region (Fig. 
2.2.5B), the spectrum was fitted with four peaks. The peak at lower 
binding energy (530 eV) is ascribed to O
=
 ions bonded to iron ions.
25
 The 
two peaks placed at about 532.3 eV are most probably due to oxygen 
bonded to both carbon and iron simultaneously, indicating that FeOOH 
particles are anchored to the surface of RGO. The peak centered at 
higher energy (533.8 eV) is ascribed to oxygen in C-O. The XPS results in 
the region of Fe2p are shown in Fig. 2.2.5C. The spin-orbit coupling splits 
the spectra in 2p1/2 and 2p3/2 regions. Both Fe(II) and Fe(III) ions are 
detected. The satellites peaks indicate that Fe(II) ions are in high spin 
configuration and, consequently, the presence of Fe3O4 cannot be 
discarded.
29
 Summarizing, the XPS results evidence that the surface of 
the iron nanoparticles is non-stoichiometric iron oxide, being in good  
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Figure 2.2.5 XPS results and fitting for RGO/Fe2 sample in the regions (A) C1s, (B) O1s and (C) 
Fe3p. 
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agreement with the presence of XRD-amorphous FeOOH.
26,27
 The 
chemical interactions with the carbon-oxygen functional groups in the 
graphene layers stabilize the non-stoichiometric iron oxide particles and 
anchor them to the graphene layer. 
The morphology and microstructure of the RGO/Fe particles were 
examined by using SEM (Fig. 2.2.6) and TEM (Figs. 2.2.7 and 2.2.8). Fig. 
2.2.6 shows flat or corrugated graphene layers while iron oxyhydroxide 
particles are not observed. The uniform iron distribution was confirmed 
by using EPMA coupled to SEM and TEM. TEM images and EDS spectra 
(Figs. 2.2.7 and 2.2.8) show that the graphene sheets and the iron 
oxyhydroxide nanoparticles are homogeneously distributed and 
intimately mixed at nanoscale. The average size of the primary iron 
oxyhydroxide particles is about 4 nm. A few agglomerates of about 80 
nm in diameter were rarely observed. Fringes were not observed in the 
iron oxyhydroxide particles.  
 
Figure 2.2.6 SEM micrograph of RGO/Fe2. 
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Figure 2.2.7 TEM micrographs of RGO/Fe2. 
 
These observations are in good agreement with the XRD-amorphous 
character of the iron oxyhydroxide nanoparticles dispersed with RGO. 
Iron oxide nanoparticles are firmly anchored on the graphene surface 
and embedded in the network that forms the graphene layers. The 
thickness of the stacked graphene layers is ca. 4 nm.  
In Fig. 2.2.9, the particle size distribution reveals that the main difference 
between the samples prepared with and without ultrasonication is 
smaller sizes for the ultrasound-assisted sample. For the sample 
RGO/Fe2 prepared under ultrasonication (Fig. 2.2.9A), most of the 
particles have diameter smaller than 100 nm. In contrast, the sample 
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prepared by using the same experimental procedure except that 
ultrasonication was not applied (Fig. 2.2.9B) exhibits particle diameters in 
the range between 400 and 500 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.8 TEM micrographs and corresponding EDS spectra of RGO/Fe2. 
 
To analyze the structure of the hybrid materials, EPR spectra were 
obtained. Figure 2.2.10 compares the EPR spectra of individual RGO and 
FeOOH compounds with their hybrid analogues. As one can see, 
individual RGO does not display any EPR signal, which is indicative of 
high quality nanocarbons.
28-30
 On the contrary, the EPR spectrum of 
FeOOH consists of a broad symmetric line located near g=2 at room 
temperature. After cooling from 295 to 78K, the resonance position is 
slightly moved to the lower magnetic field. This EPR behavior is 
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consistent with the literature data for the magnetic structure of FeOOH.
31
 
For the sake of comparison, we also provide the EPR spectra of α-Fe2O3. 
 
Figure 2.2.9 Particle size distribution for RGO/Fe2 sample prepared with (A) and without (B) 
ultrasonication. 
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Figure 2.2.10 EPR spectra of reduced graphene oxide (RGO), hybrids RGO/Fe1 and RGO/Fe2 
registered at 295 (A) and 78 K (B). For the sake of comparison, the EPR spectra of FeOOH and 
α-Fe2O3 are also given. 
 
α-Fe2O3 is antiferromagnetic below the Morin temperature (TM~ 260 K) 
and weakly ferromagnetic above TM. As a result, at T>260 K the EPR 
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spectrum of α -Fe2O3 consisted of a nearly symmetric broad signal 
centered at g~2.0, while on cooling the EPR proﬁle changed drastically, 
concomitant with the loss in the signal intensity and the strong 
broadening (Fig. 2.2.10).  
In comparison with the individual components, the EPR spectra of 
RGO/Fe1 and RGO/Fe2 are different. The EPR spectrum of RGO/Fe2 is 
dominated by a broad asymmetric line, whose resonance position is 
strongly moved to the lower magnetic field with the lowering of the 
registration temperature. The strong temperature-induced effect on the 
resonance line is an indication for the occurrence of superparamagnetic 
particles in RGO/Fe2. This is consistent with the TEM observation on the 
average size of the primary FeOOH particles (about 4 nm). The EPR 
spectrum of FGO/Fe1 displays at 78 K a narrow line with g=2.1. The 
assignment of this line is not an easy task. However, the lack of any EPR 
spectra of individual RGO allows assigning the EPR signal to isolated 
octahedrally coordinated Fe
3+
 ions. This is a first experimental evidence 
for the appearance of anchored iron species on a graphene substrate.            
 
2.2.3.2 Electrochemical behavior 
Our goal here is not to study the mechanism of the reaction between 
lithium and graphene, but to compare the electrochemical behavior of 
RGO before and after forming composite RGO/Fe under ultrasonication 
treatment.  
In Fig. 2.2.11, the capacity values are shown as a function of cycle number 
in lithium cells. Initially, it is observed that the RGO electrode material has 
poor coulombic efficiency (37% in the first cycle) due to the irreversible 
lithium consumption for SEI formation, as usually found in the literature. 
The large specific surface area of RGO (SBET=660 m2/g) enhances the 
irreversible processes. The initial reversible capacity of bare RGO (Fig. 
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2.2.11a) is about 700 mAh/g. However, the capacity decreases markedly 
during the first few cycles, reaching a value of ca. 300 mAh/g. However, 
further cycling, evidences an excellent stability. These capacity values are 
in good agreement with previous studies reported by other authors.
2,3
  
Thus, the capacity of graphene-based electrode materials reported in the 
literature oscillate in a wide range between 1400 and 200 mAh/g.
2,3
 
Few-layered graphene with low specific surface was synthesized from 
graphene oxide using microwave-assisted exfoliation by Petnikova et al. 
and the resulting capacity in lithium cell was about 400 mAh/g.
32
 
 
 
 
 
 
 
 
 
 
Figure 2.2.11 Capacity as a function of cycle number in lithium cells for (a) reduced 
graphene oxide, (b) reduced graphene oxide with small amount of iron and 
ultrasonication, (c) reduced graphene oxide with large amount of iron and 
ultrasonication and (d) reduced graphene oxide with large amount of iron and no 
ultrasonication . Potential range: 0.01-3.0 V. Normalized current: 0.1 A/g. 
 
Graphene-free particles of nanocyrstalline FeOOH exhibit very poor 
capacity retention in lithium test cell (supplementary data, Fig. 2.2.S1), in 
good agreement with the literature.
14,33,34
 The capacity fade is due to the 
low conductivity and marked volume changes during the 
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charge-discharge process. Also in agreement with the results reported in 
the literature, the reversible capacity of bare Fe2O3 is usually between 400 
and 600 mAh/g, and capacity retention upon cycling is also poor.
5
 
The obtained RGO/Fe electrode materials (Fig. 2.2.12b,c) show higher 
gravimetric capacity (around 400-500 mAh/g after the first few cycles) 
than bare RGO and also better coulombic efficiency (50-58 % in the first 
cycle). The higher gravimetric capacity may be related to the very small 
particle size and the amorphous character of the FeOOH particles, and to 
synergistic effects between FeOOH particles and the graphene layer. The 
graphene nanosheets form a matrix which may prevent the 
agglomeration of the anchored FeOOH nanoparticles, improving the 
electrical contact and consequently the cycling stability as compared 
with bare FeOOH. The ultrasound irradiation can result in exfoliation of 
the graphene sheets, smaller particle size of graphene/FeOOH and 
formation of more sites available for accommodation of lithium. Thus, 
the sample of RGO/Fe2 prepared using the same method but 
ultrasonication was not applied (Fig. 2.2.10d) shows lower capacity values 
(about 400 mAh/g after 20 cycles and 363 mAh/g after 30 cycles) and 
poorer capacity retention.  
The derivative plots (dQ/dV vs. voltage) obtained from 
galvanostatic cycling are shown in Fig. 2.2.12. For RGO (Fig. 2.2.12A), 
irreversible peaks are observed at ca. 1.5 and ca. 0.8 V in the first 
discharge process. Most of the reversible capacity in the charge process 
takes place in the region between 0.9 and 2.0 V which is observed like a 
broadened and low-intensity region. In all the derivative plots (Fig. 
2.2.12), an intense peak at about 0.8-1.0 V is observed in the first 
discharge process of all samples, being more intense for the 
ultrasonicated RGO/Fe2 sample. This peak is due to the SEI formation  
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Figure 2.2.12 Derivative plots (dQ/dV vs. voltage) for the first three cycles of (a) RGO, (b) 
ultrasonicated RGO/Fe2 and (c) non-ultrasonicated RGO/Fe2. 
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and the conversion reaction of iron oxyhydroxide. The converstion 
reaqction of FeOOH can be written as follows:
33
 
FeOOH  + 3Li+ + 3e− → Fe + LiOH + Li2O             (2.4) 
Thus, for FeOOH and Fe2O3 the theoretical capacity values are 908 and 
1007 mAh/g, respectively. However, this capacity can be exceeded by SEI 
formation and non-faradic processes (charge separation at the solid 
electrode/liquid electrolyte interface).
35-37
 The small particle size of 
FeOOH and the surface of exfoliated RGO can enhance the intensity of 
the peak at about 0.8-1.0 V for RGO/Fe2. In the second and third 
discharge process, there is still a low-intensity peak at about 0.9 V for 
RGO/Fe samples but it is not observed for bare RGO. Consequently, the 
reduction of iron oxide is reversible. The reversible oxidation process can 
be written like follows:
33
  
                        2Fe + 3Li2O =  Fe2O3 + 6Li+ + 6e−                 (2.5) 
During the charge process, narrow peaks are not observed in the 
derivative curves, being indicative of the amorphous character of the 
electrode material. 
The AC impedance spectra (Nyquist plot) of RGO/Fe2 (supplementary 
data, Fig. 2.2.S2) show a depressed semicircle at high and intermediate 
frequencies (surface layer and charge transfer) and a sloped line at low 
frequencies (Warburg-type processes). The size of the semicircle is small, 
in good agreement with low charge transfer resistance and good 
electrochemical behavior. Our results are in excellent agreement with the 
results reported by Sun et al which found better electrical conductivity 
for the composite in comparison with bare FeOOH.
14
  
To further improve the electrochemical performance, the active electrode 
material was deposited on metal-foam (Figs. 2.2.13 and 2.2.14). If we 
compare Figs 2.2.11 and 2.2.13, it is observed that the resulting   
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Figure 2.2.13 Electrochemical behavior in lithium cell of RGO/Fe2 deposited on nickel-
foam current collector. (A) Voltage-capacity plot. (B) Capacity plotted as a function of 
cycle number. Potential range: 0.01-3.0 V. Normalized current: 0.1 A/g. 
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capacity values in lithium cells are higher and capacity retention upon 
cycling is improved after using nickel-foam. Thus, the dispersion of the 
active material in the 3D current collector can be used to improve the 
electrochemistry, particularly for microbatteries. Besides, the good 
response to variable kinetics of RGO/Fe2 with copper-foam is revealed in 
Fig. 2.2.14, and after 94 cycles, the specific capacity is 562 mAh/g (higher 
than graphite).  
 
 
Figure 2.2.14  Capacity vs. cycle number in lithium cell of RGO/Fe2 deposited on 
copper-foam current collector and using variable current density (0.1-1 A/g). Potential 
range: 0.01-3.0 V. 
 
 
2.2.4 CONCLUSIONS 
We report a method to prepare graphene/amorphous FeOOH 
nanostructured composite using high intensity ultrasonication. The 
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anchoring of the FeOOH particles to the graphene layers has been 
revealed by using mainly TEM, XPS and EPR. According to the EPR results, 
for RGO/Fe1 (25% mass of iron oxide), isolated octahedrally coordinated 
Fe
3+
 species anchored on the graphene substrate are observed, while 
FeOOH nanoparticles contribute mainly to RGO/Fe2 (66% mass of iron 
oxide). The resulting electrode material exhibits a capacity significantly 
higher than graphite. The improvement of the electrochemical behavior 
can be attributed to the amorphous character of the iron oxide, the very 
small particle size and the excellent mutual dispersion of the two phases 
which are achieved by the ultrasonication treatment. In addition, by using 
Ni-foam as substrate and current collector of the graphene/amorphous 
iron oxide composites, the reversible capacity reached 1200 mAh/g. 
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2.2.6 SUPPLEMENTARY INFORMATION 
 
 
Figure 2.2.S1 Electrochemical behavior of graphene-free nanocyrstalline FeOOH in lithium cell. 
Potential range: 0.01-3.0 V. Mass-normalized current density: 0.1 A/g. 
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Figure 2.2.S2 Impedance spectra for RGO/Fe2 recorded at 0.0 V after the first and second cycle. 
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3.1 Long-Length Titania Nanotubes Obtained By 
High-Voltage Anodization and High-Intensity 
Ultrasonication for Superior Capacity Electrode 
José R. Gonzáleza, Ricardo Alcántaraa, Francisco Nacimientoa, Gregorio F. 
Ortiz
a, José L. Tiradoa, Ekaterina Zhechevab, Radostina Stoyanovab 
aUniversidad de Córdoba, Campus de Rabanales, Edificio C3, Laboratorio de Química Inorgánica, 14071 
Córdoba, Spain. 
bInstitute of General and Inorganic Chemistry, Bulgarian Academy of Science, 1113 Sofia, Bulgaria. 
ABSTRACT  
In order to modify the morphology and electrochemical properties of the 
resulting titanium oxide layer, high-intensity ultrasonication has been 
applied during the potentiostatic anodization of metallic titanium and the 
applied voltage and anodizing time has been changed. The influence of 
the imposed voltage, anodizing time and ultrasonication on the 
nanotubes growth has been studied. Additional dissolution process takes 
place under ultrasonication as is observed in the anodizing curves (current 
density vs. time) that show values in the order of ca. 200 A/m
2
. After only 
30 minutes of ultrasound-assisted anodization at 42 V, the resulting 
nanotubes length is ca. 4 µm and, in contrast, in the case of non 
ultrasound-assisted anodization the length is only ca. 1 µm. Further 
prolonged anodization under ultrasound induced the complete 
dissolution of the titanium. After anodization at 60 V during 20 h (no 
ultrasounds), the observed length of the nanotubes is as long as ca. 45 µm. 
The nanotubes TiO2 aspect ratio has been tailored between 40 and 320. 
The obtained nanotubes of TiO2 exhibit high areal capacity (up to ca. 
2 mAh/cm
2
 and stabilized around 0.3-0.5 mAh/cm
2
) and good cycling 
behavior in lithium batteries. A non-linear relationship between the 
nanotubes length and the resulting capacity has been revealed. 
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3.1.1 INTRODUCTION  
The abundant reserves and low toxicity of Ti are some of the features that 
let us to look at titanium oxide as a very attractive electrode material for 
lithium ion batteries. In addition, the higher intercalation voltage of 
titanium oxides may render safer batteries in comparison with graphite 
electrode. Unfortunately, titanium oxide usually has low electrical 
conductivity and slow Li
+
 insertion-extraction kinetics. In order to 
overcome this problem TiO2 can be nanostructured to achieve shorter 
solid state path lengths for both Li-ion and electron transport,
1-7
 however, 
poor electronic conduction network due to aggregation of nanopowders 
and loss of interparticle connection during electrochemical cycling can be 
suffered. In a try to improve the electrochemical behavior, nt-TiO2 can be 
grown by anodization of Ti foil under the optima experimental conditions 
and the resulting areal capacity values are usually below 0.1 mAh/cm
2
.
3,6,7
 
Batteries based on three-dimensional (3D) micro or nanostructures can 
offer advantages, such as small areal footprint, in comparison with two-
dimensional (2D) structures such as thin films.
8
 To achieve a high energy 
density and on a small areal footprint requires the use of 3D batteries.
9
 
These batteries may improve the power-density of the usual batteries and 
reduce the recharging time as is claimed for further developing electric 
vehicles. Thus, a 3D electrode with an anatase TiO2 layer covering 
aluminium nano-rods showed areal capacity values of around 0.01 
mAh/cm
2
 which is one order of magnitude higher than for the equivalent 
2D geometry.
9
 Having all these features in mind, we have considered that 
making longer the TiO2 nanotubes may yield to achieve higher capacity 
and power density while retaining the same areal footprint. To study this 
hypothesis, firstly the preparation method has been explored by 
modification of several experimental parameters, secondly the physical-
chemical properties of the resulting nanotubes have been characterized 
and finally the electrochemical behavior in lithium cells has been studied.  
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Sonochemistry uses the application of high-intensity ultrasound and the 
so-called acoustic cavitation effect in chemical reactions. Zhang et al. 
reported that the ultrasound-assisted anodization of aluminum enhances 
the pores growth and proposed that the ultrasonication can release the 
oxygen bubbles (2O
=
 = O2 + 4e
-
) from the interface which is helpful for the 
nanotubes growth.
10
 The key processes responsible for anodic formation 
of nanoporous alumina and TiO2 appear to be the same.
11-14 
In this work we have applied high-intensity ultrasonication to the 
anodization of titanium to grow nt-TiO2 and the effect of the voltage and 
time of anodization on the nanotubes growth has been studied. Since a 
high growth rate has been reported in the case of organic electrolytes 
containing some amount of water in comparison with pure aqueous 
electrolytes
11,15,16
 we have used an electrolyte based on ethylene glycol 
(EG) solvent.   
 
3.1.2 EXPERIMENTAL 
The 0.127 mm thick 99.7 % purity titanium foils supplied by Sigma-Aldrich, 
were firstly washed with ethanol and acetone successively in an ultrasonic 
bath, and then electrochemically oxidized. The anodization of the Ti-foil 
(working electrode) was carried out by applying a constant voltage of 42 
V, or alternatively 60 V, using freshly prepared solution of ethylene 
glycol:water (98:2 vol.) mixture containing 0.3 %wt. of NH4F as electrolyte 
solution.
11
 An Agilent potentiostat instrument was used to impose the 
voltage and to register the resulting current intensity-time curves. The 
counter-electrode (cathode) was a Pt wire. Alternatively, high-intensity 
ultrasonication was applied during the anodizing process with a Sonics 
VCX750 ultrasonicator, and for this purpose a Ti-horn was placed in the 
electrolyte solution of the anodization cell. The imposed anodizing time 
was between 0.5 and 20 hours. After the anodizing process, the sample 
was extensively rinsed to remove the fluorine ions. 
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 The morphology of the titania nanotubes scraped from the titanium 
electrode was examined in a Scanning Electron Microscopy (SEM) 
instrument using a JSM6300 and in a Transmission Electron Microscopy 
(TEM) instrument using a Philips CM10. X-ray diffraction (XRD) patterns 
were recorded in a Siemens D5000 instrument with CuKα radiation.  
The Electron Paramagnetic Resonance (EPR) spectra were recorded as the 
first derivative of the absorption signal of an ERS-220/Q spectrometer 
within the temperature range of 90-400 K. The g factors were determined 
with respect to a Mn
2+
/ZnS standard. The signal intensity was established 
by double integration of the experimental EPR spectrum. 
The electrochemical behavior of the anodized titanium electrodes in 
lithium cells was studied by using a VMP-type apparatus (Bio-Logic 
Sciences Instruments) which allows the in-situ measurement of AC 
electrochemical impedance spectra (EIS) on electrochemical charge-
discharge cycling. A piece of Li was used as negative electrode and the 
anodized titanium foil as positive electrode. The imposed current for 
galvanostatic cycling was 0.1 mA/cm
2
. The electrochemical cells were 
assembled in an Ar-filled glove-box. The electrolyte solution was 1 M LiPF6 
in EC:DEC (50:50 wt.) solvents mixture. Due to the special morphology of 
the electrodes, the capacities are given in mAh/cm
2
 units that are generally 
used for microbatteries but not for regular batteries. The impedance 
spectra were recorded at 1.0 V (discharge state) after a relaxation time of 
ten minutes and using a piece of Li as a reference electrode (T-cell). 
 
3.1.3 RESULTS AND DISCUSSION  
3.1.3.1 XRD 
The anodization of the titanium foil yields to an XRD pattern with Bragg 
peaks that are ascribed to Ti (JCPDS file 05-0682) and a broadened band 
at around 25°2 θ  that is ascribed to poorly crystallized, or nearly 
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amorphous, titanium oxide (Fig. 3.1.1A). In the same sense, Wu et al. also 
found that their deposited titanium oxide film was a “poorly crystalline 
structure” that partially converts into anatase phase when the deposited 
film was annealed at a temperature higher than 300°C,17 and Fang et al. 
found after anodization at 15 V nanostructured amorphous TiO2 that was 
transformed into anatase after annealing at 480°C.18  The relative 
intensities of the Ti reflections and the titanium oxide band are affected by 
the anodizing time, the applied voltage and the high-intensity ultrasound 
irradiation (Fig. 3.1.1A and 3.1.1B). In Fig. 3.1.1B, the evolution of the XRD 
patterns with the time of anodization at 60 V can be followed. The increase 
of the crystalline character (crystallization process) can be followed by 
looking at the relative intensity between the hump at ca. 25°2θ (nearly 
amorphous titanium oxide) and the peak at ca. 40°2 θ  (crystalline Ti). 
Furthermore, this relative intensity was quantified by reading the 
experimental number of counts in the XRD patterns and the results are 
represented in Fig.3.1.2. Thus, for a constant anodizing voltage, the 
relative contribution of the band ascribed to poorly crystallized titanium 
oxide tends to increase with the anodizing time and with the 
ultrasonication treatment (Fig. 3.1.2). Partial dissolution of the formed 
titania layer can yield to modification of the relative XRD intensities and 
consequently deviation from the general tendency. Thus, after 2 h of 
ultrasound-assisted anodization at 60 V, the generated titanium oxide is 
partially dissolved and the relative intensity of the corresponding XRD 
band is decreased. Prolonged anodization drives to the complete 
dissolution of the titanium electrode, particularly under ultrasound 
irradiation. On the other hand, after annealing the anodized titanium at 
300°C, the XRD peaks (Fig. 3.1.3) of TiO2 tetragonal anatase phase (JCPDS 
file 21-1272) emerge. After annealing at 550°C, the anatase reflections 
become more intense and narrower, while the Ti peaks are still observed. 
From all these observations, it is concluded that the application of high 
intensity ultrasonication enhances the formation of nearly amorphous 
titanium oxide. 
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3.1.3.2 Transient curves 
In order to understand the influence of the ultrasonication on the 
anodizing process, the current transient curves obtained with and without 
ultrasonication were recorded (Fig. 3.1.4). For the non ultrasound-assisted 
anodization (Fig. 3.1.4a and b), the resulting data can be understood in the 
light of the literature.
11,19-22
 The current density of the anodization found 
in the literature is in the range of around 0.5-10 A/m
2
,
15,22
 which is in good 
agreement with our results in Fig. 3.1.4a. Firstly the current density 
decreases during ca. 200 seconds and the barrier titanium oxide layer is 
formed. Secondly, the anodization current is nearly constant during a few 
minutes. Then, the current density slightly increases with formation of a 
porous structure, and finally remains nearly constant. For the anodization 
at 60 V (Fig. 3.1.4b), the observed current intensity is higher than that 
corresponding to 42 V (Fig. 3.1.4a), being this result in good agreement 
with the XRD results. On the other hand, the anodizing currents are around 
four times higher for the ultrasound-assisted method and resulting 
current-intensity plots are modified (Fig. 3.1.4c and d). It is considered that 
the higher currents are due to the dissolution reaction of the formed oxide 
layers induced by the fluoride ions in the electrolyte.
20
 The current peaks 
can be related to competition between film dissolution and film growth.
21
 
These results strongly suggest an additional dissolution in the ultrasound-
assisted anodization and consequently longer length of the resulting 
nanotubes, and this feature is further corroborated in the light of the 
electron microscopy observations and discussed below. 
The increase of the solution temperature due to the ultrasonication and 
the release of the oxygen bubbles from the solid-liquid interface may 
contribute to increase the current intensity and the growth of the titania 
nanotubes. The current modulations visible in the transients during 
ultrasonication (Fig. 3.1.4c and d) is due to the imposed pulse-mode of the 
ultrasound irradiation. 
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Figure 3.1.1 XRD patterns of selected electrode materials. (A): (a) pristine Ti foil, (b) 42 V-anodized 
titanium during 1 h and (c) ultrasound-assisted 42 V-anodized titanium during 1 h.  (B):  60 V-
anodization after 1-20 hours (no ultrasonication). The Miller indexes and space group are shown for 
the pristine Ti foil. 
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Figure 3.1.2  XRD intensity ratio between the band at ca. 25°2θ (poorly crystallized titanium oxide) 
and the peak at ca. 40°2θ (crystalline Ti) as a function of anodizing time for ultrasound-assisted and 
non-ultrasound assisted samples. To obtain these results, the number of counts of the XRD peaks 
and bands were obtained from the corresponding relative maximum of the adequate XRD 
diagrams. Applied voltages: 42 and 60 V. 
 
On the other hand, tentatively the transient curves can be used to calculate 
the theoretical amount of titanium that has been oxidized presuming that 
all the charge is used in oxidation of titanium that no loss of current due 
to side reaction takes place.
22
 The results in Fig. 3.1.4 evidence a higher 
mass density for the ultrasound-assisted electrode materials. However, 
several processes such as the possible solubilization of the titanium ions 
and the oxygen evolution makes this estimation unrealistic, particularly for 
long anodization times and high current density.
22,11
  
3.1.3.3 SEM and TEM 
SEM and TEM micrographs were recorded to examine the morphology of 
the anodized titanium electrodes. Figures 3.1.5-3.1.7 show selected SEM 
and TEM images of the mechanically fractured film of TiO2 that results after 
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Figure 3.1.3 XRD patterns of ultrasound-assisted anodized titanium: (a) non-annealed electrode, 
(b) after annealing at 300°C and (c) after annealing at 550°C. Applied voltage: 42 V. 
 
 
 
 
 
 
 
 
 
Figure 3.1.4 The current intensity-time curves during anodization of Ti-foil at: (a) 42 V-no 
ultrasounds, (b) 60 V-no ultrasounds, (c) 42 V-ultrasounds and (d) 60 V-ultrasounds. The 
theoretical masses (in mg/cm2 units) of in-situ formed titanium dioxide at selected anodization time 
are noted. 
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anodization of the Ti-foils with and without ultrasonication treatment. 
After 0.5 h of anodization at 42 V, a dense layer of titanium oxide is formed 
on the Ti foil with around 0.3-1.0 μm of thickness, and the nanotubes in 
this film are poorly formed (Fig. 3.1.5). For the same anodizing time and 
using ultrasound-assisted anodization, the tubular nature of the film is 
more clearly revealed and self-organized longer nanotubes that are 
densely packed can be observed (Fig. 3.1.7). The detailed observation of 
many SEM and TEM images let to conclude that the resulting length of the 
TiO2 nanotubes increases with the anodizing time, the ultrasonication 
treatment and the applied voltage as is shown in (Fig. 3.1.8). Our results 
are in good agreement with previous reports that showed the nanotube-
TiO2 length can be time-dependent and also can increase with the 
anodizing voltage.
11,19
 With only 0.5 hours of ultrasound-assisted 
anodization, the observed length of the nanotubes is ca. 4 µm, the pore-
size is ca. 53 nm and the wall-thickness of the nanotubes is about 20 nm. 
The aspect ratio, defined as the nanotube length- to-outer diameter ratio 
is around 40. After more than 2 h under high-intensity ultrasonication the 
titanium foil was completely dissolved. After anodization at 60 V during 20 
h (no ultrasounds), the observed length of the nanotubes is as long as ca. 
45 µm (Fig. 3.1.6). In addition, the pore size increases from ca. 50-60 nm at 
42 V to ca. 140 nm at 60 V. The aspect ratio at 60 V-20 h is 320. Ghicov et 
al. reported TiO2 nanotubes length of ca. 4 µm after 40 h of anodization at 
20 V in aqueous solution.
19
 A longer nanotube length with a same 
anodizing time implies a faster growth rate. It is generally accepted that 
the dissolution of TiO2 as TiF6
2-
 is required for pore formation, but this 
dissolution process simultaneously limits the thickness growth of the 
titanium oxide layer.
20,23 
 
The atomic ratio O/Ti was obtained from microanalysis measurements 
using the SEM instrument equipped with X-ray detector (Fig. 3.1.9). The 
depth (R, in µm) from which X-rays are produced in the specimen can be 
calculated by using the equation:  
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Figure 3.1.5 SEM (left-hand) and TEM (right-hand) micrographs of titanium anodized at 42 V for 
0.5, 1.0, 5.0 and 17 h (no ultrasounds). 
 
R= 10-2 (E01.68-Ec1.68)   (3.1) 
where E0 is the energy of the incident electron beam and Ec is the energy 
of the X-rays in keV.
24
 The calculated analysis depth is 1.4 and 1.5 µm for 
Ti and O, respectively. This result involves that the thickness of the titania 
layer rapidly becomes larger than the analysis depth. No oxygen was 
detected for the pristine Ti foil (prior to anodization). In the first hour, the 
results show a rapid increase of the oxygen content (O/Ti ratio is around 
1.0-1.8 depending on the preparation conditions) with the anodizing time 
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Figure 3.1.6 SEM (top and middle) and TEM (bottom) micrographs of titanium anodized at 60 V for 
2 and 20 h (no ultrasounds). 
 
that is in good agreement with the growth of the titania thickness, but the 
observed oxygen content is lower than the expected for the stoichiometric 
TiO2 composition. For a fixed anodizing time of 0.5-1.0 h, the 
ultrasonication treatment increases the effective oxidation of the titanium 
foil. For further time of anodization, the formed titania tends to dissolve 
and this effect is particularly enhanced in the ultrasound-assisted samples. 
Thus, after around 2 h, both the still adhered titania film and the remaining 
(non-oxidized) titanium foil can contribute to the resulting composition. 
The experimental atomic ratio of sample obtained at 60 V-2h 
(O/Ti=2.06(4)) is the very near to composition TiO2. 
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Figure 3.1.7 SEM (top and middle) and TEM (bottom) for anodized titanium at 42 V with 
ultrasounds (top), without ultrasounds (center and bottom) and re-annealing at 300-550°C 
 
3.1.3.4 Electron Paramagnetic Resonance 
The analysis of the oxidation state of Ti is carried out by EPR. The EPR 
spectra of anodized titania are collected in Fig. 3.1.10. The shape of the 
EPR spectra depends on both the time and potential of anodization. The 
EPR signals appear well defined for the longest titania nanotubes prepared 
in this study at high voltage (60 V) and long anodizing time (20 h). 
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Figure 3.1.8 Average length of the titania film (nanotubes TiO2) estimated from SEM observations 
as a function of anodizing time. Error bars are included for the vertical axis. 
Figure 3.1.9 Oxygen/titanium atomic ratio as a function of anodizing time. Error bars are included 
for the vertical axis. 
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 Figure 3.1.10 EPR spectra for samples obtained by anodization at 42 V for 17 hours (a) and at 60 
V for 20 h (b and c) without ultrasound. 
 
Other samples containing shorter nanotubes were EPR silent or the signal 
is very poorly defined. Thus, at lower anodizing potential (42 V-17 h), the 
EPR spectrum consists of a broad unstructured signal with g=2.07, while 
several signals contribute to the EPR profile of the sample anodized at 
higher potential. The spectra are recorded at 153 K using two microwave 
powers: 5 and 25 mW, respectively. This allows to distinguish three types 
of signals: a very narrow singlet with Lorentzian line shape (g=2.001 and  
ΔHpp=0.73 mT), an anisotropic broad signal (with g-values of 1.972, 1.945 
and 1.895 and line width of 6 mT) and a low intensity broad signal with 
g=2.07. The spectra are recorded at 5 and 25 mW. The narrow singlet can 
be associated with the conduction band medium polarized electrons.
25,26
 
The anisotropic signal comes most probably from the Ti
3+
 ions. The 
relatively high EPR line width (about 6 mT) indicates a structural 
inhomogeneity around Ti
3+
 ions in respect of the local coordination, 
crystal field symmetry, and the presence of OH
-
/O
2-
 species. The EPR 
parameters do not coincide with that typical for Ti
3+
 in regular lattice sites 
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of the anatase matrix: g=1.990.
27
 However, the average g-value of the 
anisotropic signal (g=1.94) is close to that of the signal (g=1.93) which has 
been assigned to surface anatase electron trapping sites.
27
 The origin of 
the third broad signal with g=2.07 is still unclear. It is worth mentioning 
that this signal is observed irrespective of the applied potential for 
anodization. A signal with g>2.00 has been detected for TiO2 
photocatalysts (standard material Degussa´s P25) and has been attributed 
to surface hole trapping sites. 
3.1.3.5 Electrochemical Studies 
The electrochemical behavior of a large number of anodized titanium 
electrodes was studied in lithium test cells.  The potential vs. areal capacity 
curves corresponding to the first cycles in Li cells of selected electrodes 
are shown in Fig. 3.1.11. The capacities are given in mAh/cm
2
 as is usual 
for batteries that contain thin-film electrodes, irrespectively that mAh/g 
units are usually given for conventional batteries. As a result of the poor 
crystallinity of the titanium oxide nanotubes, the non-annealed electrodes 
shown in Fig. 3.1.11 do not exhibit extended and well defined plateaus. 
The electrode obtained at 60 V-20 h shows an anomalous behavior at the 
end of the first discharge and this effect, which was reproduced in different 
lithium cells cycled at several rates, can be related to the EPR signal and 
the longer nanotubes. Probably, hydroxyl groups can remain trapped in 
the longer nanotubes and irreversibly react with lithium in the first 
discharge. After annealing the electrodes to 300-550°C, the resulting 
plateau at ca. 1.8 V becomes progressively more defined as a result of the 
crystallization process and lithium insertion into crystalline anatase 
through a biphasic mechanism.
28
 Another effect of the annealing is the 
increase of the Coulombic efficiency of the first cycle up to 96.3 %. The 
traces of remaining water trapped in the nanotubes may contribute to the 
lower efficiency observed in the non-annealed electrode as reported in 
previous studies.
6,7
 In this sense, Wu et al. reported that poorly crystalline 
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titanium oxide film prepared below 300°C exhibits poorer electrochemical 
performance while the anatase film shows reversible cycling.
17
  
 Figure 3.1.11 Potential-capacity curves for the first three discharge-charge cycles of selected 
anodized titanium electrodes in lithium cells. 
 
For 42 V-anodization and non-annealed samples, and for cycling with a 
wide potential window between 0.0 and 2.5 V, the maximum observed 
capacities values (Fig. 3.1.12) are found for the ultrasound-assisted sample 
and are in the range of around 0.3-0.6 mAh/cm
2
. These values are much 
higher than the previously reported in the literature for anatase.
9
 The 
longer length of the ultrasound-assisted TiO2 nanotubes allows achieving 
larger areal capacity. It is worthy to note that the metallic titanium 
substrate that remains non-oxidized is electrochemically inactive, while 
lithium is reversibly inserted into anatase trough the redox pair Ti
4+
/Ti
3+
 
usually with x close to 0.5 in LixTiO2.
29
 The observed capacities values for 
the no ultrasound assisted samples are around 0.2 mA/cm
2
. In the case of 
cycling within the potential window 1.0-2.5 V, the capacities are below 0.2 
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mAh/cm
2
 for both ultrasound-assisted and no ultrasound-assisted 
sample, and the capacity retention is very good. 
 Figure 3.1.12 Capacity as a function of cycle number of anodized titanium electrodes in Li cells. 
 
The observed feature that the titania nanotubes show very good 
electrochemical performance for a lower potential limit of 0.01 V may be 
ascribed to the ability of the nanotube morphology to buffer the expected 
volume changes due to the Jahn-Teller effect in the Ti
3+
 ions. After 
annealing at 300 and 550°C, while the nanotube morphology is preserved, 
the capacity increases but the capacity retention becomes poorer most 
probably due to variations of the lattice volume upon intercalation that 
cause lattice strain.
29
 The sample that exhibits the higher nanotubes length 
(60 V-20 h) also shows initially higher capacity values (stabilized at around 
1 mAh/cm
2
). On the other hand, the longer nanotubes would exhibit 
higher surface area in contact with the electrolyte solution and henceforth 
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a more extended irreversible reaction to form the solid electrolyte 
interface (SEI) would be expected. This is confirmed by the observed 
higher irreversible capacity in the first cycle of the longer nanotubes. 
The experimental capacity measured in the second discharge is plotted vs. 
the nanotubes length in Fig. 3.1.13A. The observed relationship is not 
linear. It seems that the lithium ions cannot accede to all the available sites 
in the longer nanotubes probably due to the longer transport length for 
both electrons and Li
+
. In addition, the initial capacity loss, measured as 
the difference between the first and second discharge capacity, follows a 
very similar dependency on the nanotubes length (Fig. 3.1.13B) which 
further confirms that the longer nanotubes exhibit higher tendency for 
lithium trapping but also more difficult accessibility of lithium to the whole 
length of the nanotube.  
The determination of the specific capacity (in mAh/g) values in thin film 
electrode is usually a tentative approach.
9
 The maximum reversible 
capacity that is observed in Fig. 3.1.13 is 1.949 mAh/cm
2
 and it 
corresponds to a titanium oxide nanotubes length of 45 µm according to 
SEM observations. Considering a titanium oxide density of 3.895 g/cm
3
,
9
 
an electrode of 1 cm
2
 of surface and 45 µm  of thickness would contain 
0.0175 g of non-porous titanium oxide, and then the specific capacity 
would be 111 mAh/g. The porosity of the nanotubes would decrease the 
mass (mg/cm
2
 units) and increase the capacity (mAh/g units). The 
theoretical capacity of anatase TiO2 is 167.7 mAh/g, that corresponds to 
the reversible insertion of x=0.5 Li in LixTiO2. Nevertheless, capacities 
values of 229 mAh/g were reported by Fang at al. for amorphous TiO2 
nanotubes array while they also found capacities of around 108-30 mAh/g 
for crystalline anatase depending on the imposed current density.
18
  
Alternatively, another possibility is to give the areal capacity values in 
mAh cm
-2
 µm-1 units, where the capacity is also normalized by dividing 
into the observed nanotubes length. This procedure seems to be very 
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adequate for microbatteries, particularly having in mind the possible 
uncertainty of the true active mass. Kyeremateng et al. have recently 
reported values of 0.08 mAh cm
-2
 µm-1 for titania nanotubes at C/5 rate 
and using a electropolymerized copolymer as electrolyte.
30,31
 In our case, 
the resulting capacity values are 0.04 mAh cm
-2
 µm-1 for nanotubes of 45 
µm of length and 0.08 mAh cm-2 µm-1 for the nanotubes of 3 µm of length, 
which is in good agreement with the results of Kyeremateng et al.
30
 These 
results confirm the hypothesis that in the longer TiO2 nanotubes all the 
available sites cannot be reached by the lithium ions, which is consistent 
with a non-linear relationship between the capacity and the nanotube 
length as found in Fig. 3.1.13. In other words, the deviation from the 
linearity in Fig. 3.1.13 can be due to the decrease of capacity in mAh cm
-2
 
µm-1 units when the nanotubes are very long. Besides the longer lithium 
diffusion path, the electronic conductivity also can contribute to decrease 
the areal capacity in mAh cm
-2
 µm-1 units for the longer nanotubes. 
Since the kinetics of the lithium insertion is critical to achieve high power 
density batteries, we studied the electrochemical cycling at different 
current intensities. The comparison of the rate capability for selected 
samples is exposed in Fig. 3.1.14. The capacity values resulting from 
several cycling experiments of twelve different batteries during the first 
twenty cycles and at variable current density were averaged to give these 
results. Each battery was cycled with increasing current density. On the 
other hand, the C-rate can be obtained from Fig. 3.1.14. Thus, the 
discharge of an electrode exhibiting 0.5 mAh/cm
2
 of experimental 
capacity at 1 mA/cm
2
 of imposed current density would be equivalent to 
2C rate (0.5 h for one discharge). As expected, the capacity decreases when 
the imposed current is increased and this effect is stronger for the 
60 V-20 h sample (longer nanotubes). The annealed sample shows lower 
capacities particularly at higher current density values, in good agreement 
with other studies that suggested higher diffusion rate for amorphous 
TiO2 than crystalline anatase.
18
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Figure 3.1.13 (A) Areal capacity in the 2nd discharge plotted vs. the length of the nanotubes. (B) 
Irreversible measured as the difference between the capacity of the 1st and 2nd discharge vs. the 
length of the nanotubes. The exponential-type (y=axb where a and b are the adjustable parameters) 
fitting is showed as dotted line. Error bars are included for the horizontal and vertical axis. 
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Figure 3.1.14 Average reversible capacity (lithium insertion) as a function of cycle number for 
selected electrodes measured during the first 20 cycles. The titanium oxide nanotubes obtained at 
42 V-0.5 h have a length of 3.5(5) µm and the obtained at 60 V-20h of 45(3) µm. Cycling potential 
window: 1.0-2.6 V. 
 
The morphology of the nanotubes-based electrode allows good 
accommodation to volume and strain changes during lithium insertion-
extraction, large surface of solid electrode-liquid electrolyte interface. The 
SEM micrographs show that the TiO2 nanotubes are preserved after 
electrochemical cycling (not shown). 
This structural stability can contribute to the observed superior cycling 
performance in comparison with other negative electrode materials such 
as those containing Li-alloying elements which suffer volume changes. 
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Figure 3.1.15 Impedance spectra (Nyquist plots) where the cycle number (1,2 and 5) is given in the 
insets, proposed model of the equivalent circuits and results of the fitting for the resistance values 
(R2 and R3) at different cycle number. 
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3.1.3.6 Impedance Spectra 
As a way to study the interfaces in the electrode materials, AC impedance 
spectra were recorded (Fig. 3.1.15). The electrode materials prepared at 
60 V- 20 h (the longest nanotubes) shows two depressed semicircles in the 
high-medium frequencies region and a slopping line at low frequency. 
These semicircles are ascribed to lithium diffusion through the solid 
electrolyte interface (SEI) and charge transfer on the electrode/electrolyte 
interface. The slopping line is ascribed to Warburg-type lithium diffusion 
in the electrode active material.
29
 The spectra were fitted using the 
equivalent circuit model proposed in Fig. 3.1.15. The value of R2 tends to 
increase slightly with the cycle number, while R3 decreases, which may be 
due to increase of the surface film (SEI) thickness and certain loss of 
electrical contact. The feature than the values of R3 are larger than the 
values of R2 suggests that the charge transfer is slower than the lithium 
diffusion through the SEI.  
 
3.1.4 CONCLUSIONS 
The ultrasound-assisted anodization of titanium let to obtain titanium 
oxide nanotubes with a large length and self-organized. The initially 
formed titanium oxide layer is amorphous, but it becomes crystalline after 
annealing. The observed length of the titanium nanotubes increases with 
the anodizing time, the ultrasonication treatment and the anodizing 
potential. The application of ultrasounds is limited to a couple of hours 
because the titanium electrode is completely dissolved for longer 
anodizing times. Longer nanotubes display EPR signals due to conduction 
band medium polarized electrons, Ti
3+
 ions in heterogeneous 
environments and surface hole trapping sites. The morphology of these 
electrode materials results in very large areal capacity. The observed 
capacity does not increase linearly with the nanotubes length. For the 
longer nanotubes that exhibit very large initial capacity, the initial 
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Coulombic efficiency is lower probably due to irreversible reactions with 
impurities such as hydroxyl groups and/or lithium trapping in the 
nanotubes. These approaches open new perspectives for the 
development of 3D nanoarchitectured electrodes. Thus, longer nanotubes 
may be prepared in the future with high capacity (more than 2 mAh/cm
2
) 
and the problems of the irreversible processes and capacity fade may be 
overcome by further optimizing of the preparation method. 
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3.2 Controlled growth and application in lithium 
and sodium batteries of high-aspect-ratio, self-
organized titania nanotubes 
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ABSTRACT 
Searching for optimized electrode materials in alkali ion batteries we have 
prepared a large number of titania nanotubes (nt-TiO2) electrodes by 
using different voltages in the 42-100 V range and Ti-anodization times 
and studied their behavior in test batteries. As a result of the high current 
densities observed in the transient curves for a fixed electrolyte 
composition, high anodization voltages allow the rapid growth of self-
organized and amorphous nanotube arrays with up to 200 µm in length. 
The growth of nt-TiO2 follows the parabolic rate law (L
2
 = kt). Titania 
nanotubes with different lengths were used as electrode materials in 
lithium and sodium test cells. In lithium cells, the areal capacities depend 
on the nanotube length independently of the anodization voltage used to 
obtain a particular length. The very high areal capacities that are observed 
in lithium (around 2-4 mAh/cm
2
) and sodium (ca. 1 mAh/cm
2
) cells are 
attributed to the high length of the nanotubes. However, the longer titania 
nanotubes exhibit lower gravimetric capacity values (mAh/g) due to the 
longer ion diffusion path. The capacity to react with sodium is lower than 
with lithium, probably due to the poor conductivity of nt-NaxTiO2. 
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3.2.1 INTRODUCTION 
Titanium dioxide (TiO2) has different applications in energy conversion 
devices, such as solar cells and lithium ion batteries. In the form of 
nanotubes (nt-TiO2), the physicochemical properties are particularly 
promising.
1-4
 Self-organized nt-TiO2, which can be obtained by oxidation 
of a titanium substrate (anodization process), is a spectacular example of 
a so-called 1D material.
5
 During titanium anodization, the maximum 
length of the grown titania nanotubes would be limited by the thickness 
of the initial titanium substrate and the experimental conditions of the 
anodization process, such as voltage, electrolyte composition and time. 
The nt-TiO2 material obtained by this procedure at room temperature is 
amorphous but it becomes crystallized to anatase or rutile through 
annealing. Usually, the diameter of these nanotubes is around 20-200 nm, 
while the length is typically between tenths and hundreds of micrometers. 
The control of the preparation method is critical to obtain electrode 
materials with enhanced electrochemical performance in batteries. 
Nanotube length, surface area and diameter may influence on their 
reaction with lithium. For example, the small dimensions of the nanotubes 
can provide optimum electronic conductivity and short diffusion path of 
lithium ions when used as Li-ion battery electrodes. Two main mechanisms 
can contribute to the reversible capacity of amorphous nt-TiO2.
2,6
 One of 
these mechanisms is the lithium insertion into TiO2 with the consequent 
reduction from Ti
4+
 to Ti
3+
, typically up to x=0.5 in anatase-type LixTiO2 
although x may be larger for amorphous titania. The electrochemical Li 
insertion into anatase leads to two two-phase regions: first the anatase/Li-
titanate (α/β) coexistence, and second the phase coexistence between Li-
titanate and the Li1TiO2 phase (β/γ).
7
 The γ-phase is only observed in the 
case of very small grain size. Another mechanism is the lithium reaction in 
the surface of TiO2 through pseudo-Faradic or non-Faradaic processes. In 
the case of amorphous and nanostructured TiO2, the surface plays a more 
important role and higher capacities can be achieved in comparison with 
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crystalline phases of TiO2. On the other hand, as an alternative to lithium 
ion batteries, it has been found that nt-TiO2 can react with sodium.
8,9
 Thus, 
Xiong et al. found that nt-TiO2 can support electrochemical cycling with 
sodium ions only if it is amorphous and posses large-diameter (>80 nm).
9
   
The understanding of the nt-TiO2 growth mechanism is of interest to 
achieve materials with controlled properties and, consequently, this 
complex and intriguing mechanism has being extensively studied.
10-16
 It is 
generally accepted that firstly a compact layer of titanium oxide is formed 
at the interface solid electrode/liquid electrolyte solution. Then, fluoride 
ions in the electrolyte form water soluble [TiF6]
2-
 species and pores are 
created due to dissolution of titania, and this reaction may be controlled 
by diffusion of [TiF6]
2-
from the surface of the electrode to the solution. The 
diameter of the nanotubes is mainly controlled by the applied voltage.
12,17
 
Butail et al. found that the increase in nanotube length is thermally 
activated and governed by voltage-dependent activation energy.
10
 For a 
constant voltage, the nanotubes grow longer with anodization time, 
although the relationship between nanotube length and time is not 
linear.
1,5
 In addition, it has been reported that ultrafast growth can be 
useful for certain applications of nt-TiO2.
16
 
Searching for optimized electrode materials of batteries, in this work we 
study the anodization conditions, nanotube growth and morphology of 
nt-TiO2 and their influence on the electrochemical behavior in both lithium 
and sodium test batteries. The main efforts are centered in the study of the 
relationship between the obtained nanotube length and the resulting 
energy storage capacities.   
  
3.2.2 EXPERIMENTAL 
The growth of nt-TiO2 was carried out by anodization under potentiostatic 
conditions of one face of titanium foil (99.7 % purity). For this purpose, the 
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2D substrate (titanium foil with 0.127 mm of thickness and supplied by 
Sigma-Aldrich) was used as positive electrode, a platinum wire as negative 
electrode and the electrolytic bath was a solution of ethylene glycol/water 
(98:2 vol.) containing 0.3 wt.% of NH4F as electrolyte. The initial atomic 
ratio between fluoride ions (in the electrolyte solution) and Ti (foil) was F
-
/Ti=9.5. A fixed voltage (42, 60, 70, 80 or 100 V) was imposed between the 
two electrodes for a certain time at room temperature and using an 
Agilent potentiostat.  
The thickness of the titania layer constituted by nanotubes was obtained 
from the analysis of many SEM images recorded in a JSM63000 instrument 
with secondary electrons detector. X-ray diffraction (XRD) patterns were 
recorded in a Siemens D5000 instrument with Cu Kα radiation. 
The electrochemical performance of the electrode materials was studied 
by using Swagelok-type lithium cells and a VMP instrument. The 
electrolyte solution was 1 M LiPF6 in ethylene carbonate : diethyl 
carbonate (EC:DEC=50:50 %wt.) solvents mixture. The titania layer 
supported on the titanium substrate, or the titania layer freed of Ti-
substrate in certain cases, was used like positive electrode and Li as 
negative electrode. Binder was not used. To give the areal capacity values 
in mAh/cm
2
 units, the observed capacity value in mAh units was divided 
into the footprint area (or apparent area) of the positive electrode 
material. In order to give the gravimetric capacity values (mAh/g units) 
with certainty, for thick layers (long anodization time) the titania layer was 
scraped from the titanium substrate and weighed.
8
 As an alternative to 
lithium, the electrochemical behavior of the titania nanotubes was studied 
in sodium cells, using a piece of Na as negative electrode and as electrolyte 
solution 1 M NaPF6 in EC:DEC= 1:1 solvents mixture also containing a small 
amount (1 %wt.) of vinylene carbonate (VC).  According to the literature of 
both lithium and sodium batteries VC was added to the electrolyte 
solution in order to create stable electrode surface films.
18,19
 To the best of 
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our knowledge, this is the first time that VC electrolyte additive is used in 
sodium cells for amorphous self-organized nt-TiO2 electrode material. 
 
3.2.3 RESULTS AND DISCUSSION  
3.2.3.1 Transient curves 
In order to study the effect of the anodization voltage on the titania 
growth process, the current transient curves were recorded (Fig. 3.2.1) and 
are explained in the light of the literature.
11, 15, 20-26
 The three observed 
stages are named A, B and C, respectively, for the transient curve obtained 
at 100 V. In the initial stage (region A, during the first ca. 5 minutes), the 
initial current density decreases and the protective barrier of compact 
titania layer is formed (compact layer). This is a self-limiting anodic growth 
process with kinetics controlled by the electric field strength following a 
classical high-field mechanism originally proposed for valve metals.
26, 27
 
Then (region B), due to the fluoride ions and formation of TiF6
=
, TiO2 
dissolves and porous structure is formed. Finally (region C), the nanotubes 
grow and the current is nearly constant (stable growth). As the anodization 
voltage is increased, the resulting current in the region C also increases in 
good agreement with previous studies,
25
 and this feature strongly 
suggests that the growth of nanotubes is faster for higher voltages. In fact, 
after the decrease of the initial current (region A), the continue increase in 
current (region B) is more evident for the high anodization voltage (100 V) 
curve. It seems that the high voltage helps to jump the energy barrier for 
porosity formation and nanotubes growth. 
 
3.2.3.2 Structural and Morphological Characterization 
The XRD patterns of anodized titanium foils show Bragg reflections of 
metallic Ti and a hump between ca. 15 and 35°-2θ that is ascribed to 
amorphous titania (Fig. 3.2.2A). The relative intensity of the Ti peaks 
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decreases when the anodization time increases. This feature is 
quantitatively observed in Fig. 3.2.2B, where the ratio between the Ti peak 
at ca 40°-2θ and the hump of the amorphous titania is plotted vs. the 
anodization time. After one hour of anodization at 100 V, the reflections 
of Ti are not observed. The tendency is that the higher the anodization 
voltage is (from 42 to 100 V), the faster the relative contribution of 
amorphous titania increases. 
 
Figure 3.2.1 Current density vs. time curves obtained for anodization of titanium foils at several 
voltages and fixed electrolyte composition. For the curve of anodization at 100 V, three regions are 
labeled A, B and C, respectively. 
 
By using SEM micrographs of the titania film obtained from the titanium 
substrate and after selection of the optimum magnification and 
examination angle for each sample, the morphology of the nanotubes, 
- open end and length - can be observed. The highly-packed nanotubes 
of TiO2 grow perpendicularly to the titanium substrate and form a self- 
organized array. From the SEM examination of the materials with the 
nanotubes oriented perpendicularly to the electron beam, the length of 
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the nanotubes can be obtained. For a fixed voltage, the length increases 
with the anodization time (Fig. 3.2.3). At very high anodization voltage 
(100V) and after long anodization time (960 min) the average length of the 
nanotubes (L) is as long as L=200 µm and the nanotubes are not adhered 
to the Ti-substrate, while the self-organization in one direction is still 
preserved. This latter nanotube length value (L=200 µm) is larger than the 
initial thickness of the pristine Ti foil (127 µm) used to grow the nanotubes. 
This fact can be explained by the expected expansion factor when metal is 
converted into oxide. Taking into account that the outer diameter of these 
nanotubes is ca. 0.16 µm, the aspect ratio defined as the ratio between the 
length and the diameter is 1250. This value is very high in comparison with 
the values usually reported in the literature of nt-TiO2 for lithium 
batteries.
1-3
 Due to the morphology and dimensions of the nanotubes, 
these materials can be described as three-dimensional (3D) electrode for 
lithium ion microbatteries. However, since the growth of the nanotubes 
theoretically never ends, the electrode materials may be tailored for large 
scale batteries. A limitation of this electrode geometry may be the 
unsuitability for spirally wound cylindrical cells, due to the rigidity of the 
electrode material. 
 3.2.3.3 Kinetics of nanotubular titania growth 
The experimentally observed increase of the average nanotube length or 
titania film thickness with time is not linear. The rate of nanotubes growth 
(dL/dt) is faster in the early stages of the anodization process, being in 
agreement with previous studies.
15,16
 The feature of that the electrical field 
strength is reduced and the diffusion path distance is increased when layer 
thickness is increased can contribute to the decreasing rate. The model of 
one-dimensional diffusion process drives to the next equation which is 
known as the parabolic law:
28
   
                                                      L2 = k t               (3.2) 
 where k is the parabolic rate constant, in dimensions of length
2
/time, 
which is the adjustable parameter from the fitting of experimental data. 
Our experimental results agree well with equation (3.2) (Fig. 3.2.4). 
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Figure3.2.2 (A) XRD of titanium after anodization at 100 V for 15, 30, 40 and 60 minutes. (B) XRD 
relative intensity (Ti peak/hump of amorphous titania)  as a function of time at several anodization 
voltages (42, 60, 70, 80 and 100 V), where the intensity values were taken from directly reading the 
number of counts in the diffractograms. 
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To the best of our knowledge, the use of the parabolic law to fit the nt-
TiO2 growth rate is firstly reported in this work. A logarithmic law was also 
used to try to fit the data, but in this case the goodness of fit was always 
lower. Equation (3.2) is equivalent to the simplest equation rate that can 
be applied when the rate of product formation decreases as the thickness 
of the product layer increases. This model (equation 3.2) is similar to those 
developed for the oxidation of metals and other reactions with a solid/gas 
interface in which the model implies that the migrations are slower than 
the chemical steps, so that the reaction progress is maintained by 
transport of one or more species across the barrier product layer. Similarly, 
it is expected that the kinetics for nanotubes growth be determined by the 
diffusion of ions through the titania film, such as fluoride, oxide (provided 
by the water content in the electrolyte solution)
5,10
 and/or [TiF6]
2-
.
29
  
On the other hand, the study of the oxidation of titanium in air by using 
thermal analysis revealed that parabolic law can be followed.
30
 Assuming 
that the theory of Tammann-Pilling-Bedworth of metal oxidation 
(solid/gas interface) can be applied to justify the data of Fig. 3.2.4 for nt-
TiO2 growth (solid/liquid interface), the constant k would depend on C0 
and CL concentrations in the interface regions (metal-oxide and oxide-
electrolyte, respectively), the diffusion coefficient (D) and the volume of 
oxide R formed with each atom that diffuses through the film according to 
this equation: 
                                                    k = R D [C0 – CL]                                         (3.3) 
In the more sophisticated Wagner´s theory for oxidation of metals by O2, 
k contains thermodynamic and kinetic factors such as the diffusion 
coefficient and the electrical field. In any case, k would include several 
parameters that are difficult to quantify separately, even in the case of 
metal oxidation by O2. For the anodization of Ti to form nt-TiO2 the 
mechanism is even more complex. 
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Figure3.2.3 SEM of nt-TiO2 prepared at 100 V of anodization voltage. 
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Figure 3.2.4 Square of titania layer thickness (L or nanotubes length) as a function of the 
anodization time (t) for anodization at 42, 60, 70, 80 and 100 V. Symbols: experimental data. Lines: 
fitting result. 
Experimentally, it is observed that the parabolic rate constant (k) value 
depends on the anodization voltage (Fig. 3.2.4). Due to the large 
overpotential used in the anodization experiments, the Butler-Volmer 
model of electrode kinetics fails to describe accurately the experimental 
dependency of the rate constant (k) with the applied voltage. However, the 
results apparently confirm that the contribution of the charge transfer 
(oxidation of titanium) to the energy barrier is very small and it is not 
limiting the kinetics. Most probably, the main contribution to the kinetics 
should be the diffusion processes through titanium dioxide and these 
processes should be voltage-dependent. On the other hand, the 
dependency of the growth rate with the applied voltage can be related 
with the Güntherschultze–Betz theory that describes the anodic current 
density as a function of the electrode potential.
34
 More efforts should be 
done to justify theoretically the dependency of the nanotubes growth rate 
on the anodization voltage. 
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3.2.3.4 Electrochemical reaction of nt-TiO2 with lithium 
The electrodes based on amorphous titania nanotubes were used in 
lithium cells as prepared (no binder and no post-annealing for 
crystallization). Selected potential-capacity curves for the few firsts 
discharge-charge cycles of electrodes previously anodized at 100 V are 
shown in Fig. 3.2.5. Since the studied titania nanotube samples are 
amorphous, voltage plateaus of phase transitions are not observed. The 
irreversible region of nearly constant potential (hump or pseudoplateau) 
placed at ca. 1.1 V in the first discharge may be due to reaction with 
hydroxyl groups that remain trapped in the long nanotubes and that can 
be removed after annealing at temperatures which also transform the 
amorphous titania into anatase, and these irreversible reactions 
contribute to create a passivating layer or solid electrolyte interface (SEI).
1,8
 
This region is more clearly visible for the longer nanotubes (Fig. 3.2.5D), as 
expected, because of the retention of more hydroxyl groups in the longer 
nanotubes. The inner diameter of the nanotubes and its influence on the 
surface area may also affect to the retention of hydroxyls groups and the 
irreversible reactions at 1.1 V. Alternatively, the pseudoplateau at ca. 1.1 V 
has been ascribed to the crystallization process from amorphous to cubic 
TiO2.
35
 The initial coulombic efficiency measured like the ratio between the 
second discharge and the first discharge can be used to estimate the 
irreversible reactions. Thus, the initial coulomb efficiency in Fig. 3.2.5A and 
Fig. 3.2.5D is 64 % and 55 %, respectively. Since the longer nt-TiO2 samples 
exhibit poorer initial coulombic efficiency, this feature can be a drawback 
for the commercialization of these electrode materials. It is usual that 
amorphous TiO2 samples initially exhibit relatively low coulombic 
efficiency. The efficiency may be improved by using surface treatments 
and further removing of water and hydroxyls.  
As a result of the very long length of the nanotubes, the electrodes can 
deliver very high areal capacities in comparison with other values reported 
in the literature. 
3, 8, 36
 Thus, the capacities measured both in the first and 
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 Figure 3.2.5 Potential-capacity curves for the first three discharge-charge cycles of selected nt-TiO2 
electrode materials obtained at 100 V of anodization voltage and variable anodization time (30, 45, 
60 and 120 minutes). Current density: 0.1 mA cm-2. Potential range: 1.0-2.6 V. 
 
second discharge tends to increase with the length of the nanotubes, 
independently of the anodization voltage (Fig. 3.2.6A,B). The relationship 
between capacity and length is not linear. For a certain anodization time, 
the capacity values tend to increase with the anodization voltage because 
the nanotubes growth rate is higher (Fig. 3.2.6C,D). It seems that when the 
nanotubes become larger, proportionally fewer sites can be occupied by 
lithium, more probably due to the longer lithium diffusion length and to 
the poorer conductivity. Since, the anodization voltage linearly affects to 
the nanotube diameter,
15,25
 apparently the nanotube diameter has 
negligible influence on the areal capacity in lithium cell. Looking at Fig. 
3.2.6, we can conclude that the maximum areal capacity that can be 
achieved by amorphous and self-organized nt-TiO2 in lithium ion batteries 
would be limited to a few mAh/cm
2
, which is enough for many applications 
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and is two or three orders of magnitude greater than the areal capacities 
reported in others previous studies. 
3, 8, 36
 
Figure 3.2.6  A, B: capacity as a function of nanotubes length measured in the first discharge (A) 
and second discharge (B) for electrodes anodized at several voltages. C, D: capacity as a function 
of anodization time measured in the first discharge (C) and second discharge (D) for electrodes 
anodized at several voltages. Current density: 0.1 mA/cm2. Potential limits: 1.0-2.6 V. 
 
More extended electrochemical cycling experiments were performed for 
the electrodes obtained at 100 V (Figs. 3.2.7 and 3.2.8). The capacity 
retention is better in the narrow potential window (1.0-2.6 V, Fig. 3.2.7) in 
comparison with the wide potential window (0.01-2.6 V, Fig. 3.2.8). The 
reasons for poorer capacity retention when the potential limit is 0.01 V 
may be electrolyte decomposition, more irreversible reactions and the 
strains due to the reduction of titanium(IV) ions. The reduction to metallic 
titanium is not expected.
2
 The possible formation of a passivating film that 
avoids the consumption of electrolyte on the surface of nt-TiO2 is not 
wholly confirmed, but several studies have inferred its existence.
2,37
 In 
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order to achieve high power batteries, the retention of the capacity at high 
current density is critical. Thus, we have studied the cycling at several 
current densities (Figs. 3.2.7 and 3.2.8). The initial coulombic efficiency is 
poorer when the imposed current density is low (about 55 % at 0.1 mA/cm
2
 
and 68 % at 7.36 mA/cm
2
 in Fig. 3.2.7), probably because at low kinetics 
lithium diffuses longer and penetrates deeper in the nanotubes and thus 
reacts more extensively with the trapped hydroxyls and water, and 
produce more strains due to the Ti
4+
/Ti
3+
 redox reaction. The nt-TiO2 
samples show significant capacities even at very high rates (about 1-3 
mA/cm
2
 of current density). Thus, nt-TiO2/100 V/45 min electrode has 
about 0.3 mAh/cm
2
 at 3 mA/cm
2
 and after 300 cycles (Fig. 3.2.7D). Upon 
Figure 3.2.7 Selected electrochemical cycling results plotted like areal capacity as a function of 
cycle number for electrodes obtained at 100 V of anodization voltage. When the nanotube layer 
mass was measured with minor error (titania layer scraped from the titanium substrate) the 
gravimetric capacity value is also given. Current density: variable. Potential range: 1.0-2.6 V. 
decreasing the current density the capacity increases what demonstrates 
flexibility for operating from high to low rates. Most probably, the resulting 
capacity at very high rates has a relatively higher contribution of surface 
reactions and lower contribution of lithium insertion. For electrodes in 
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which the Ti substrate is completely anodized to form nt-TiO2, the mass of 
nt-TiO2 electrode active material can be determined by weighing and the 
capacity can be given in mAh/g units. The reversible gravimetric capacity 
values are in the range of 184-56 mAh/g, depending on the current 
density and cycle number (Fig. 3.2.7). As a result of the diffusion path 
length, the higher areal capacity values (longer nanotubes) are achieved 
at the expenses of lower gravimetric capacity values, which is a drawback 
for the commercial application of these electrode materials. As a 
conclusion, to achieve a compromise solution the optimum nanotube 
length to obtain both good areal and gravimetric capacity values seems to 
be in the range of 30-70 µm. 
 
Figure 3.2.8 Electrochemistry results for cycling in the range of 0.0-2.6 V vs. Li+/Li of electrodes 
obtained at 100 V of anodization voltage and 30-45 minutes of anodization time. 
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3.2.3.5 Electrochemical reaction of nt-TiO2 with sodium 
As an alternative to lithium, the titania nanotubes also show significant 
capacity to react reversibly with sodium (Figs. 3.2.9-3.2.10). To achieve 
better capacity values, the lower potential limit was 0.5 V vs. Na
+
/Na and 
the imposed current density was lower for sodium cells (0.05-0.1 mA/cm
2
) 
in comparison with lithium cells (1.1 V and 0.1-20 mA/cm
2
 in Fig. 3.2.7). 
This value of lower potential limit (0.5 V) was imposed because cycling in 
sodium cells at 0.01 V usually results in high irreversibility and poor cycling 
behavior and cycling at about 1.1 V of lower potential limit the resulting 
capacity is very low. In fact, one of the difficulties to develop sodium ion 
batteries is to find negative electrode materials that work efficiently at low 
potential. Thus, both Xion et al.
9
 and Bi et al.
8
 used 0.9 V of lower potential 
limit for amorphous nt-TiO2. Comparatively, our sodium cells sustain lower 
potential limit for amorphous nt-TiO2 electrode, more probably due to the 
electrolyte composition and aspect ratio of the nanotubes. On the other 
hand, Senguttuvan et al. reported an average value of 0.3 V for layered 
Na2Ti3O7 like the lowest achieved voltage.
38
 The effect of the voltage 
window on cycling performance of Na2Ti3O7 was studied by Rudola et al.
39
  
Very recently, Sun et al. reported that the spinel Li4Ti5O12 can store sodium 
displaying an average storage voltage of 0.9 V and a reversible capacity of 
145 mAh/g.
40
 On the other hand, we observed by ex-situ XRD that nt-TiO2 
remains XRD amorphous at 0.5 V vs. Na
+
/Na (result not shown) in good 
agreement with reference.
9
  
The observed areal capacity values (0.5-0.8 mAh/cm
2
 at 0.05-0.1 mA/cm
2
 
of current density) are much higher than others previously reported for 
amorphous nt-TiO2 in sodium cells. Thus, Bi et al. reported values below 
25 µAh/cm2 at 10 µA/cm2 of current density.8 Obviously, longer nt-TiO2 
allow to achieve higher areal capacities, but the large inner diameter of our 
nanotubes (ca. 100 nm) obtained at 100 V also contribute to achieve more 
capacity, particularly in sodium cells.
9
 It is worth to note here that 
development of microbatteries claims for electrode materials with high 
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areal capacity values even at high current densities. On the other hand, 
Rudola et al. very recently found gravimetric capacities between about 70 
and 180 mAh/g for Na2Ti3O7 in sodium cells, depending on the current 
density and the particle size.
39 
 
Figure 3.2.9 Electrochemistry of nt-TiO2 in sodium cells. Potential-capacity curves for the first three 
cycles obtained at 0.05 mA/cm2 of current density (A-D), and areal capacity as a function of cycle 
number at 0.05-0.1 mA/cm2 (E).  Potential range: 0.5-2.6 V. 
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In addition, the self-improving effect (this means that the reversible 
capacity increases during the first cycles) reported by other authors
9
 is not 
observed in Fig. 3.2.9 probably due to different cycling conditions and 
electrolyte composition.  
Irrespectively of the different cycling conditions in lithium and sodium 
cells, the observed lower capacity in sodium cells in comparison with 
lithium cells may be due to slower diffusion of the sodium into the titania 
(insertion process) and/or smaller accommodation of sodium on the 
titania surface (pseudocapacitance).
41
 Thus, it has been reported that 
adsorption of sodium on the TiO2 surface is smaller than lithium.
9,42
 The 
potential-capacity curves show no extended plateaus (Fig. 3.2.9A-D). The 
pseudoplateau at ca. 1.1 V that is observed for amorphous nt-TiO2 in Li 
cells is not observed in sodium cells, in good agreement with the results 
of Xiong et al that reported crystallization processes for amorphous nt-
TiO2 in Li cells but not in Na cells.
9
 In Fig. 3.2.9E, the shorter nanotubes (60 
and 120 minutes of anodization time) exhibit better cycling stability than 
the longer nanotubes (180 minutes). If we compare the capacity for the 
first and second discharge of the selected electrodes, it can be observed 
that the irreversible processes are enhanced for the longer nanotubes (Fig. 
3.2.10). The initial coulombic efficiencies in Na cells are between 58 % and 
17 %, depending on the sample. The longer nanotubes (around 100-200 
µm of length) show larger capacity in the first discharge, but the resulting 
capacity in the second discharge is the same for nanotubes of ca. 75 and 
200 µm.  Although the mechanism of the reaction between sodium and 
amorphous nt-TiO2 should be further studied in future works, these results 
show that the reversible intercalation of sodium into long nt-TiO2 is more 
limited and the irreversible reactions are extended particularly for the 
longer nanotubes. A possible explanation for the feature that the longer 
nanotubes trap irreversibly a very great amount of sodium may be that nt-
NaxTiO2 exhibits poorer conductivity than nt-TiO2 and nt-LixTiO2. More 
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probably, the lower potential limit may be decreased and consequently 
the capacity increased if the electrolyte composition was further  
 
Figure 3.2.10 Capacity values of nt-TiO2 in sodium cells measured in the first and second 
discharge as a function of nanotube length. Current density: 0.05 mA/cm2. Potential range:         
0.5-2.6 V. 
 
optimized. However, the conductivity of NaxTiO2 would be yet a drawback 
particularly for long nanotubes. Possible solution may be doping or 
surface coating to increase the conductivity, or activation treatments. 
As a way to decrease the average voltage and to improve the 
electrochemical performance, for a battery firstly cycled in the range 
between 0.5 and 2.6 V during 40 cycles, the lower potential limit was 
decreased to 0.01 V (Fig. 3.2.11). Consequently, the average voltage of the 
cell decreases from 1.2 V to 0.9 V (Fig.3.2.11A).  The nanotubes of this 
sample have a length of ca. 38 µm and the inner diameter is ca. 110 nm. 
The resulting gravimetric capacity (Fig. 3.2.11B) is in the range of 160-106 
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mAh/g. These capacities are slightly superior to the values found in,
9
 and 
more probably this is due to the different cycling conditions, although the 
length and aspect ratio of the nanotubes was not specified in reference 9.  
 
Figure 3.2.11 Electrochemistry results for nt-TiO2 (anodization: 100 V, 60 minutes) in sodium cell. 
(A) Potential-areal capacity curves. (B) Gravimetric capacity as a function of cycle number for firstly 
0.5-2.6 V of potential range and then 0.01-2.6 V of potential range. Current density: 0.05 mA/cm2. 
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These values of gravimetric capacity and average voltage are rather 
comparable to those reported for the spinel Li4Ti5O12  in sodium cell.
40
 In 
the case that the lower potential limit is fixed at 0.01 V from the first cycle, 
the resulting initial capacity is very large (Fig. 3.2.11B).These results show 
that self-structured amorphous nt-TiO2 is promising as electrode for 
sodium ion batteries. 
 
 3.2.4 CONCLUSIONS 
Very high aspect ratio titania nanotubes have been prepared. The growth 
kinetics of self-organized TiO2 nanotubes obeys a parabolic law. 
Increasing the anodization voltage increases the parabolic rate constant 
and consequently the oxidation rate. Maximum capacity values in lithium 
cells can be achieved in the order of 2-4 mAh/cm
2
. In lithium cell, the areal 
capacity depends non-linearly on the nanotube length and for a 
determined nanotube length is independent on the anodization voltage 
(nanotube diameter). However, the higher areal capacity values are 
achieved at the expenses of lower gravimetric capacity values. Thus, a 
reasonable electrochemical behavior is found for nanotubes length in the 
range of ca. 30-70 µm. These amorphous nt-TiO2 also exhibit reversible 
capacity against sodium, but the observed capacity is more limited and the 
efficiency poorer, particularly for very long nanotubes (100-200 µm), 
probably due to slower kinetics for sodium intercalation and irreversible 
surface reactions. nt-TiO2 obtained at 100 V and with ca. 38 µm of length 
can be cycled in the range of 0.5-2.6 V vs. Na with gravimetric capacities 
of around 160-106 mAh/g. 
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3.3 Microstructure of epitaxial film of anatase 
nanotubes obtained at high voltage and mechanism 
of its electrochemical reaction with sodium  
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Ortiz and José L. Tirado 
Laboratorio de Química Inorgánica, Universidad de Córdoba, Edificio Marie Curie (C3), planta 1,Campus de 
Rabanales,  14071 Córdoba, Spain. 
ABSTRACT 
Titania nanotubes (nt-TiO2) with high aspect ratio and amorphous 
character have been prepared by Ti anodization at high voltage (100 V). 
After annealing, the nanotubes crystallize to anatase phase and the XRD 
patterns and TEM images show that self-organized anatase nt-TiO2 are 
composed of crystallographically oriented nanocrystalline domains on Ti 
substrate. The contribution of faradic and pseudocapacitive processes is 
studied for anatase nt-TiO2 in Na cells obtaining the b-parameter from 
cyclic voltammetry experiments. The reaction between anatase nt-TiO2 
and Na is dominated by redox surface processes (pseudocapacitance) in 
the region over ca. 0.5 V and by irreversible faradic processes below ca. 0.3 
V. The cycling performance of anatase nt-TiO2 in sodium cell is very 
strongly affected by the imposed electrochemical conditions. Reversible 
capacity values of about 150-200 mAh g
-1
 and good cycling behaviour are 
found for 2.6-0.5 V of potential limits. Impedance spectra and 
23
Na MAS 
NMR spectra are also used to study the reactions mechanisms. In addition, 
it is found that using variable voltage during the anodization of titanium, 
the resulting electrode exhibits excellent cycling behaviour (ca. 190 mAh 
g-1 after ca. 800 cycles). These results are the best cycling behaviour 
reported to date for anatase in the form of self-organized nanotubes for 
sodium ion microbatteries. 
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3.3.1 INTRODUCTION 
Titanium dioxide is among the materials regarded as very promising 
candidates to replace carbon as negative electrode of lithium ion 
batteries.1-4 Titanium dioxide can be prepared amorphous or in 
crystalline forms. The relevant polymorphic forms of TiO2 for lithium 
batteries are rutile, anatase, brookite and TiO2(B). Anatase possesses 
relatively high capacity for lithium insertion into its structure (theoretically 
up to stoichiometry LiTiO2). The lithium ions can be inserted without 
largely distorting the anatase structure. The nanosizing of titanium 
dioxide, for example in the form of nanotubes prepared by anodization of 
Ti,
3-5
 can increase its capacity to store lithium. This feature may be related 
to shorter diffusion path length of lithium ions, increase of the electronic 
conductivity and storage of lithium ions in the titania nanoparticle surface. 
On the other hand, the theoretical maximum volumetric capacity (LiTiO2, 
for anatase 1297 mAh cm
-3
 and 1440 for rutile, 1307 mAh cm
-3
) is higher 
than that of graphite (837 mAh cm
-3 
for LiC6).
6
 
Bonino et al.
7
 and Ohzuku et al.
8
 first reported ex-situ XRD data of anatase 
electrochemically reduced in lithium cell where firstly the reflections of 
anatase are preserved and after further lithium insertion the tetragonal 
lattice is transformed into a orthorhombic unit cell. Several diffraction, 
XPS, 
7
Li NMR, X-ray absorption spectrocopy and Raman spectroscopy 
studies have confirmed that the mechanism of lithium insertion/removal 
into anatase follows a reversible two-phase transition process:
9
  
TiO2 (I41/amd) → Li0.5TiO2 (Imma) → LiTiO2 (I41/amd)   (3.4) 
The occurrence of the gamma phase (LiTiO2, s.g. I41/amd) is only observed 
in the case of nanosized titania. Besides lithium insertion capacity (faradic 
process), TiO2 in the form of nanocrystals and mesoporous particles also 
has capacitive surface storage (involving both faradic and non-faradic or 
pseudocapacitive processes).
2,10
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Sodium may be an alternative to lithium for non-aqueous batteries.
4,11-14
 
However, the mechanisms of the reactions between TiO2 and Na have 
been little explored in the literature. Xiong et al. found that anatase-type 
TiO2  cannot support sodium insertion while only amorphous nanotubes 
with inner diameter larger than 80 nm can support electrochemical cycling 
with sodium ions.
11
 We have reported recently the electrochemical 
reaction between amorphous nt-TiO2 and Na and found that the 
optimization of the electrochemical behaviour depends more critically in 
sodium cell than in lithium cells on both the experimental conditions for 
electrochemical cycling (e.g. lower potential limit, current density and 
electrolyte composition) and nanotube microstructure (e.g. length and 
diameter).
4 
 
In this work we study the electrochemical reaction with Na of self-
organized anatase nt-TiO2 of high aspect ratio and, for this purpose, 
galvanostatic cycling, cyclic voltammetry, XRD, NMR and impedance 
spectra are used. To obtain long nanotubes with a wide central cavity, high 
potential (100 V) voltages were used for the anodization process. The 
microstructure of the anatase nanotubes is examined by using XRD, SEM 
and TEM. The faradic and pseudocapacitive contribution of the battery are 
unfolded. 
 
3.3.2 EXPERIMENTAL 
3.3.2.1 Synthesis and preparation of materials 
Self-organized titania nanotubes (nt-TiO2) were prepared by anodization 
at 100 V of a Ti foil with 0.127 mm of thickness and using different 
anodization times (60 or 120 min). The electrolyte solution was ethylene 
glycol/water (92/8 vol.) mixture containing 0.3 wt% of NH4F. The counter 
electrode was a platinum wire.   
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To obtain anatase phase nanotubes (anatase nt-TiO2), the previously 
obtained amorphous nt-TiO2 were annealed at 550°C in air atmosphere 
during 2 h. 
 3.3.2.2 Structural and morphological 
characterization  
X-ray diffraction (XRD) patterns were recorded in a Siemens D5000 
instrument with CuKα radiation and indexed using the Celref V3 program. 
Scanning electron microscopy (SEM) images were obtained using a 
JSM6300 instrument with a secondary electron detector. Transmission 
electron microscopy (TEM) was performed using a JEOL model JEM2010. 
To prepare the specimens for TEM examination, the titania nanotube film 
was scraped from the titanium substrate, the obtained powder was 
dispersed in ethanol by sonication, and the resulting dispersion was 
dripped onto the Formvar grid.   
The magic angle nuclear magnetic (MAS NMR) spectra of Na-23 were 
recorded in a Bruker Avance 400 WB instrument at room temperature, 
using 13 kHz of spin rate, and applying a single pulse sequence of 1.1 μs 
and a relaxation time of 1 s. The reference was a NaCl aqueous solution (δ
= 0 ppm). Prior to record the spectra, the electrodes were recuperated 
from sodium electrochemical cells, washed with diethylcarbonate solvent 
in the dry box and dried under dynamic vacuum, to avoid irreversible 
reactions with air and moisture. 
 3.3.2.3 Electrochemical tests 
 The electrochemical experiments were carried out in Swagelok-type cells 
using a VMP instrument. The electrochemical behaviour in sodium cells 
was studied using a piece of Na like negative electrode and the electrolyte 
solution was 1 M NaPF6 in ethylenecarbonate: diethylcarbonate =1:1, also 
containing a small amount (1 %wt.) of vinylene carbonate. The positive 
electrode was a piece of anodized titanium, involving self-organized 
nt-TiO2 film supported on the Ti substrate. Binder was not used. The 
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capacity values are referred to the geometrical area of the electrode (in 
mAh cm
-2
 units) or to the mass of titania (mAh g
-1
 units). To determine the 
mass of the electrode (about 0.30 mg), the nanotubes were mechanically 
scraped from the substrate and weighed. 
  The AC impedance spectra were recorded using three-electrode 
cell with T-configuration in the VMP instrument. 
 
3.3.3 RESULTS AND DISCUSSION 
 3.3.3.1 Structure and morphology 
The anodization process of titanium foil to produce titania nanotubes 
involves that the reflections of metallic Ti (s.g. P63/mmc) gradually 
disappear. For 60 min of anodization, the reflections of the metallic Ti 
substrate and anatase coexist (not shown). Prior to annealing, the titania 
nanotubes obtained by anodization of titanium are XRD-amorphous (not 
shown). After annealing at 550°C the titania nanotubes crystallize to the 
anatase structure (JCPDS reference card number. 21-1272) (Fig. 3.3.1). The 
average grain size of anatase nt-TiO2 is Lc=18 nm, obtained from the 
broadening of the Bragg reflections and the Scherrer equation (Lc= (0.94
λ)/(βcosθ)).  
In order to study the preferred orientation of anatase nt-TiO2, XRD 
patterns were recorded  (Fig. 3.3.1) for (a) self-organized nt-TiO2 with the 
nanotube axis oriented perpendicularly to the XRD sample-holder surface 
and (b) powdered nt-TiO2 previously scratched from the Ti substrate and 
mixed with silicone grease to avoid any preferred orientation. The results 
clearly show that the oriented anatase nt-TiO2 film exhibits a more intense 
(004) reflection. Thus, the nanotube axis preferentially runs perpendicular 
to the (004) plane. These results are in good agreement with the 
calculations about the structure and strain energies of anatase nanotube 
obtained by Ferrari et al, that found that an anatase (001) layer would 
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stabilize the rolling of the corresponding nanotube.
15
 Brezensinski et al. 
also found crystallographically orientated nanocrystals in mesoporous 
anatase thin films using WAXD.
2
 Since the anatase nanotubes are 
self-organized and form a thin film with a certain crystalline orientation on 
the Ti substrate, this material is analogous to an epitaxial film. 
 
Fig.3.3.1  XRD patterns of anatase nanotubes (100 V-120 min-550°C) for (a) self-organized nt-TiO2 
film with the nanotube axis oriented perpendicular to the Ti substrate and (b) non-oriented nt-TiO2 
(powder freed from the Ti substrate and mixed with silicone grease to avoid preferred orientation). 
The Miller indexes are indicated. 
 
On the other hand, the preferred orientation of nt-TiO2 can influence on 
the diffusion of alkali metals into the empty zigzag channels of the anatase 
framework, the surface properties and the resulting capacity (insertion and 
surface capacity) in lithium and sodium cells.
16
 
The morphology and microstructure was studied using TEM and SEM (Fig. 
3.3.2). According to the SEM results, the average length of the nanotubes 
obtained at 100 V is ca. 38 µm after 60 min and ca. 67 µm after 120 min. 
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The length of the nanotubes may be optimum to achieve high areal 
capacity in batteries.  
 
Fig.3.3.2 Selected SEM (A) and TEM (B-D) micrographs for anatase nt-TiO2 obtained by 
anodization of titanium at 100 V. 
 
The self-arrangement of amorphous nt-TiO2 retains its morphology and 
the pores do not fuse and remain open after crystallization to anatase 
phase, according to the TEM images (Fig. 3.3.2). As due the high 
anodization voltage, the inner diameter (or pore size) is about 92 nm and 
the wall thickness is about 30 nm. The walls of the nanotubes are 
composed of grains with size of around 10-30 nm, which is good 
agreement with the average grain size obtained from the XRD line 
broadening. Fringes can be observed in the HRTM image. It is worth to 
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note that the thin walls can more easily accommodate expansion or 
contraction during the alkali metal insertion/deinsertion process.
17 
 
3.3.3.2 Electrochemical reaction of anatase nanotubes 
with sodium 
On the contrary to lithium, the electrochemical reaction of anatase nt-TiO2 
with sodium does not give any extended and reversible plateau in the 
potential-capacity curve (Figs. 3.3.3 and 3.3.4). Only a pseudoplateau is 
observed at about 1.4-1.2 V in the discharge process and about 1.6-2.0 V 
in the charge process (Fig. 3.3.3A). Consequently, first-order structural 
transitions do not happen reversibly for anatase in sodium cell, on the 
contrary to lithium.
9
 In addition, the XRD reflections of anatase are 
observed after its reaction with sodium (not shown) and, consequently, we 
can conclude that the structure of self-organized nt-TiO2 is preserved even 
at 0.0 V vs. Na
+
/Na.  However, the XRD results cannot discard a partial 
reduction of the titanium ions, for example due to accommodation of 
sodium in the surface of the anatase nanotubes. 
For the nanotubes with average length L= 38 µm, and using 1.0 V or 0.5 V 
of lower potential limit (Fig. 3.3.3), the resulting areal capacity values are 
not very high (around 0.10-0.25 mAh cm
-2
). The cycling stability is good 
(Fig. 3.3.3B). The decrease of the potential limit from 1.0 to 0.5 V involves 
the decrease of the initial coulombic efficiency. In other words, more 
irreversible reactions are taking place for the first cycle to 0.5 V than 1.0 V. 
The longer nanotubes (obtained by anodization during 120 min and 
length L=67 µm) exhibit higher areal capacity values (Fig. 3.3.4). For these 
electrode materials, it was possible to scrap the nt-TiO2 film form the Ti 
substrate, to weigh the active material mass and then to give the 
gravimetric capacity values. In addition, we have tested the cycling 
behaviour at different kinetics. At slow kinetics (0.05 mA cm
-2
 of current 
density) the reversible capacity is around 100-200 mAh g
-1
.  At very high 
kinetics (5 mA cm
-2
) the reversible capacity is only about 15 mAh g
-1
, but 
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the capacity is recuperated when the current density is decreased again 
(125 mAh g
-1
 or 1.1 mAh cm
-2
 after 100 cycles).  For the sake of comparison 
with other electrode materials, we can note that Rudola et al. reported 
values of about 70-180 mAh g
-1
 for Na2Ti3O7,
17
 and Xiong et al found 
around 80-140 mAh g
-1
 for amorphous nt-TiO2 in sodium cells during the 
first fifteen cycles.
11
 To distinguish our work, it is worth to remember here 
that we are using self-organized anatase nanotubes with certain preferred 
orientation and this fact can affect to the lithium diffusivity and reactivity 
of TiO2. 
In order to achieve higher capacity values, we have studied the 
electrochemical behaviour using lower values of potential limit. However, 
if we decrease the lower potential limit, an irreversible and much extended 
plateau is observed at around 0.17 V (Fig. 3.3.5A). For galvanostatic 
experiments at low current density (0.05 mA cm
-2
) the plateau at ca. 0.17 V 
was apparently endless and, consequently, it was limited by the imposed 
time. This irreversible low-voltage plateau only is observed for anatase nt-
TiO2 in sodium cell, neither for amorphous nt-TiO2 nor for lithium cell, and 
is ascribed to irreversible reactions such as extended electrolyte solution 
decomposition in the surface of anatase nt-TiO2. More probably, the 
crystallites orientation in the anatase nanotubes can contribute to 
enhance its reactivity vs. sodium electrolyte solution. Apparently, the 
surface exposing the crystallographic planes perpendicular to the (004) 
plane (those with with l=0) would be more reactive. On the other hand, the 
decomposition of water trapped in the longer nanotubes (120 min of 
anodization) also may contribute to the irreversible faradic reactions. 
Consequently, to decrease irreversibility and for effective using anatase 
nt-TiO2 in sodium ion batteries, the length of the anatase nanotubes and 
the lower potential limit should be limited. In a try to further optimize the 
electrochemical cycling, we have found that higher areal capacity values 
are achieved when the anatase is discharged to about 0.5 V of potential 
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Fig. 3.3.3 Electrochemical results for the reaction between anatase nt-TiO2 (100 V-60 min-550°C) 
and sodium. (A) Potential-capacity curves for the first three cycles in the range of 2.6-1.0 V. (B) 
Discharge capacity as a function of cycle number for two different  lower potential limits (0.5 and 1.0 
V). Imposed current density= 0.1 mA cm-2. 
 
limit during the first few cycles and after further cycles the cut-off potential 
is decreased to 0.20 V, in comparison with directly cycling to 0.25 V of limit 
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Fig. 3.3.4 Electrochemical results for the reaction between anatase nt-TiO2 (100 V-120 min-550°C) 
and sodium in the potential range of 2.6-0.5 V. (A) Potential-capacity curves for the first three 
cycles and using 0.05 mA cm-2 of current density. (B) Discharge capacity as a function of cycle 
number for variable current density. 
 
Capítulo 3. Nanomateriales obtenidos por Anodización 2015 
 
160 
Nanomateriales estructurados obtenidos mediante electroquímica y 
sonoquímica y su aplicación como electrodos de baterías de iones alcalinos 
 
(Fig. 3.3.5). In this case, the observed reversible capacity values are very 
high (up to 400 mAh g
-1
) but the capacity retention is poor.  
As a conclusion, the values of gravimetric and areal capacity are strongly 
affected by the experimental cycling conditions, and particularly the lower 
potential limit should be over ca. 0.3 V to avoid extended irreversible 
reactions and low coulombic efficiency.  
As a way to understand the origin of the capacity when anatase nt-TiO2 
reacts with sodium, the b-values were obtained from the cyclic 
voltammograms recorded at several rates (Fig. 3.3.6), by first time in this 
work, and using procedures described in the literature.
2,11,18
 The parameter 
b is directly determined from the slope of the plot of log i versus log ν, 
where ν is the sweep rate and i is the current: 
 (i = aνb)     (3.5) 
 Generally, if the b equals one, a surface redox reaction involving non-
diffusion-controlled processes is expected; meanwhile for the ideal 
diffusion-controlled faradaic process, the slope b equals 0.5 and satisfies 
Cottrell’s equation: 
 (i=aν0.5)     (3.6) 
In these experiments, during the first three discharge-charge cycles, the 
cut-off potential limit was 0.5 V, and then was decreased to 0.01 V. During 
the first discharge process the resulting b-value is ranged between ca. 0.7 
and 0.8. Since the b-values obtained in the second and third cycles in the 
potential range between 0.5 and 2.5 V are near 1.0, we assume that the 
reaction is mainly due to reversible accommodation of sodium in the 
surface of anatase nt-TiO2 (surface pseudocapacitive process or non-
diffusion controlled process). Probably the increase of the b-value from 
cycle one to three is due to decrease of the contribution of electrolyte 
decomposition (faradic processes). The b-values during the charge are 
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Fig.  3.3.5 Electrochemical results for the reaction between anatase nt-TiO2 (100 V- 120 min-
550°C) and sodium under different cycling conditions, particularly the lower potential limit. (A) 
Potential-capacity curves for the cycle number 1, 2, 5, 6 and 7, and using different potential limits. 
(B) Capacity as a function of cycle number obtained from (A). Current density: 0.05 mA cm-2. 
 
also about 1.0. After the first three cycles, the potential limit was decreased 
from 0.5 to 0.0 V and it results that in the region about 0.1-0.3 V the b-value 
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is near to 0.5 (faradic-type processes) for both discharge and charge 
processes. According to the resulting b-values, both electrolyte 
decomposition and sodium insertion into TiO2 may contribute to the 
faradic processes that take place below ca. 0.3 V. Consequently, it seems 
that in the first discharge certain passivation processes take place and this 
passivation is effective for cycling over ca. 0.3 V but nor for cycling at 
voltages below ca. 0.3 V. The irreversible processes are not accompanied 
by passivation and formation of stable films below ca. 0.3 V. These results 
are in quite good agreement with the galvanostatic cycling results (Fig. 
3.3.3 and 3.3.4). Similarly, Xiong et al. found that the b-value for 
amorphous nt-NaxTiO2 tends to decreases from 1.4 V to 0.5 V.
11   
The irreversible faradic processes below 0.25 V seem to be a property 
enhanced for the self-organized anatase nanotubes due to its 
crystallographic orientation and the reactivity of the crystallites surface 
against the sodium-based electrolyte solution. 
In comparison with the b-values corresponding to the intercalation of 
lithium into anatase reported by Brezinski et al.,
2 
 the true intercalation of 
sodium is discarded here. 
3.3.3.3 Nuclear magnetic resonance 
While XRD reveals information on the crystalline structure, NMR can 
provide information on the local environment of the studied nucleus.
19, 20
 
The observed 
23
Na MAS NMR spectra for anatase nt-NaxTiO2 electrodes 
recuperated from sodium cells (Fig. 3.3.7) are complicated by the second-
order quadrupole broadening and are quite similar to the spectra for 
mesoporous titanium oxide reported by Lo et al.
20
 Besides the spinning 
side bands, we can see that the spectra in the partially discharged (1.0 V), 
totally discharged (0.0 V) and recharged (2.6 V) states are different.   
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Fig.  3.3.6  b-value for anatase nt-TiO2 (100 V-120 min-550°C) in sodium cell for discharge (A) and 
charge (B). For the cycle number one to three each battery was discharged to 0.5 V, and for the 
cycle number four and five the cut-off potential was 0.01 V. 
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All the spectra exhibit a sharp peak at about 5 ppm and a broadened 
resonance centered at about – 11 ppm. The narrow peak placed at 5 ppm 
has small quadrupolar interactions and most probably is due to sodium 
ions with high mobility in compounds formed by irreversible electrolyte 
decomposition at the surface of anatase nt-TiO2. Tentatively, the 
broadened resonance centered at about -11 ppm may be due to sodium 
ions with reduced mobility that are placed in the surface of anatase nt-
TiO2 (or in other words, in the walls of the nanotubes). Thus, the relative 
intensity of the broadened resonance reversibly increases when the cell is 
discharged (reaction with sodium).  
 
Fig. 3.3.7 23Na MAS NMR spectra for anatase nt-TiO2 (100 V, 120 min, 550°C) electrodes (a) at 1.0 
V vs. sodium (partial first discharge), (b) at 0.01 V vs. sodium (whole first discharge) and (c) at 2.6 
V vs. sodium (first discharge-charge cycle). 
 
Since the shift of the broader resonance is not very large, a true insertion 
of the sodium ions into the anatase framework is discarded because 
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strong paramagnetic interactions Na
+
/Ti
3+
 ions would not be established. 
Consequently, the electrochemical reaction to accommodate sodium 
mainly would take place in the surface of nt-TiO2. 
Investigations of 
23
Na NMR of sodium-reduced mesoporous titanium 
oxide also found a sharp peak near 0 ppm and a broadened resonace at 
about – 15 ppm.20 
The NMR results agree quite well with the b-values and strongly suggest 
that the accommodation of sodium in anatase nt-TiO2 mainly takes place 
through pseudocapacitive behaviour (surface processes). These results are 
in good agreement with the conclusions reported by Xiong et al.
11
  
3.3.3.4 Impedance spectroscopy 
In order to further study the interface properties of anatase nt-TiO2 in 
sodium non-aqueous cells, AC impedance spectra were recorded (Fig. 
3.3.8). During the the first discharge process from 2.8 V (initial open circuit 
voltage) to 0.01 V (whole discharge state), a depressed semicircle emerges 
and its size increases when the potential decreases (Fig. 3.3.8A). This fact 
is due to the surface film formation (surface resistance at high frequencies) 
and reaction with sodium (charge transfer resistance at intermediate 
frequencies). The depressed semicircles are typical of porous samples.
21
 
The contribution of several depressed semicircles cannot be separately 
distinguished at the initial voltage (2.8 V). The sloped line at very low 
frequencies is due to sodium diffusion. The spectrum obtained at the end 
of the first discharge was fitted with the following equivalent circuit: 
[Re(RslQsl)(RctW)Qct]. The resulting surface layer resistance is Rsl= 6.3 Ohm, 
and the charge transfer resistance is Rct=76.5 Ohm.  
From the first to the fifth cycle (Fig. 3.3.8B), the size of the depressed 
semicircles in the discharge state increases, the spectrum becomes more 
complex, and the impedance rises (in the order of 1 k Ω ), as due to 
electrolyte decomposition processes. These results confirm our discussion 
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about the obtained b-value and NMR spectra and the occurrence of 
irreversible redox processes near 0.0 V. Consequently, the composition of 
the electrolyte solution should be further optimized. Another possible 
solution may be the modification of the surface properties of anatase 
nt-TiO2 by making a protective coating or by optimization of the 
anodization process and morphology of the nanotubes. 
 
3.3.3.5 Further improvement of the electrochemical 
performance 
In order to improve the electrochemical performance of self-organized 
anatase nt-TiO2, we have followed a new strategy: the voltage for 
anodization of Ti was linearly changed with time during the anodization 
process. Thus, after several tests, we have found a net improvement of the 
electrochemical cycling when the anodization voltage is increased from 20 
to 100 V during 120 min (ΔVanod 20-100 V), while the anodization time and 
other parameters are not changed in comparison with the anodization 
process under fixed voltage.  
The capacity tends to increase from cycle number 25 (about 100-120 
mAh g
-1
) to about 260 cycle number (220 mAh g
-1
), and after this is nearly 
stable (Fig. 3.3.9). After 800 cycles, the gravimetric capacity is ca. 190 
mAh g
-1
 (using a rate of 1C, or about 1 h for one charge). The reason for 
such as great improvement of the electrochemical properties is not still 
completely elucidated. Irrespectively of the excellent cyclability and high 
gravimetric capacity values, the resulting areal capacity values (about 0.1 
mAh cm
-2
) are lower in comparison with samples obtained at fixed voltage 
of anodization.  
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Fig. 3.3.8  Impedance spectra for anatase nt-TiO2 (100 V-120 min-550°C) in sodium cell measured 
at selected states of the first discharge (A), and at 0.01V for the first and fith discharge (B). Imposed 
discharge current density: 0.05 mA/cm2. 
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Probably, the resulting modification of the electrochemical properties is 
due to changes of the morphology and surface properties of the 
nanotubes. The preliminary results show that, using a 20-100 V of 
anodization voltage, the inner diameter of the nanotubes is increased 
(ca.130 nm) and their length is decreased (ca. 6 µm). The total diameter of 
the nanotubes is also increased up to around 200 nm. Thus, the larger 
nanotube diameter makes easier the reaction with sodium, while the 
shorter nanotube length decreases the areal capacity and probably 
improves the cycling stability. Another possible effect of the variable 
anodization potential may be that the initial low voltage (20 V) perhaps 
would allow the formation of a more stable nanotube surface, while the 
last high voltage (100 V) creates the wider nanotube mouth. 
The average operation voltage is about 1.3-1.0 V, depending on the cycle 
number (Fig. 3.3.9A). The high average voltage can be an advantage to the 
safety of the battery.  It is observed that the shape of the potential-capacity 
curves is modified when the electrochemical cycling progresses. The 
electrochemical results strongly suggest that an activation process of the 
electrode material is taking place during the first ca. 50 cycles. The 
relaxation time periods that were imposed (Fig. 3.3.9) also may contribute 
to create a more stable electrode. 
The reason for such a good improvement of the electrochemical 
behaviour of the anatase nanotubes in sodium cells should be further 
studied in future studies. The excellent cycling ability and the gravimetric 
capacity values that we report here are rather comparable with the 
achievements very recently published by Wu et al. using anatase 
nanopowder.
22
 It is worth to remember that in our case we are using a 
special type of electrode morphology (self-organized nanotubes which 
are free of binder and carbon additives) which is particularly more useful 
for microbatteries. In addition, our electrode shows preferred 
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crystallographic orientation. On the other hand, probably the composition 
of the electrolyte solution also may be improved. 
 
3.3.4 CONCLUSIONS 
The walls of self-arranged anatase nt-TiO2 are composed of nanocrystals 
with certain preferred orientation. The structure of self-organized anatase 
nt-TiO2 is preserved after its electrochemical reaction with sodium. The 
values of the b-parameter as function of potential for anatase nt-TiO2 
suggest that the contribution of the accommodation of sodium in the 
surface of anatase nt-TiO2 in the potential range of 0.5-2.6 V is more 
important in sodium cell than in lithium cell. At least two types of sodium 
are found in the 
23
Na NMR spectra for anatase nt-NaxTiO2, and the 
reversible accommodation of sodium in anatase surface (or nanotubes 
walls) is inferred from the spectra. It seems that anatase nt-TiO2 is suitable 
for cycling in sodium batteries only in the region over ca. 0.3 V. This voltage 
can be suitable for certain applications. Further optimization of the 
electrolyte, surface properties and electrochemical cycling conditions may 
render this electrode material more suitable for high-energy sodium ion 
batteries.  
The anodization under variable voltage renders nanotubes with excellent 
cycling behaviour (about 190 mAh g
-1
 after 800 cycles). The reason for this 
improvement should be further studied, but our preliminary studies 
suggest that this fact is due to the morphology of the nanotubes, 
particularly the larger diameter. 
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Fig 3.3.9  Electrochemical results for the reaction between anatase nt-TiO2 (20 to 100 V- 120 min-
550°C) and sodium. (A) Potential-capacity curves for the cycle number 1, 2, 3, 100, 200  and 243. 
(B) Capacity as a function of cycle number. Current density: 0.1 mA cm-2. Potential limits: 0.0-2.6 V. 
The cell was allowed to relax after the cycle number 58 and 125. 
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ABSTRACT 
An anatase nanotube array has been prepared with a special morphology: 
two concentric walls and a very small central cavity. The method used here 
to achieve the double-wall structure is a single-step anodization process 
under a voltage ramp. Thanks to this nanostructure, which is equivalent to 
a fractal electrode, the electrochemical behaviour is improved, and the 
specific capacity is higher in both lithium and sodium cells due to 
pseudocapacitance. The double-wall structure of the nanotube enhances 
the surface of TiO2 being in contact with the electrolyte solution, thus 
allowing an easy penetration of the alkali ions into the electrode active 
material. The occurrence of sodium titanate in the electrode material after 
electrochemical reaction with sodium is studied by using EPR, HRTEM and 
NMR experiments. 
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3.4.1. INTRODUCTION 
Titanium dioxide has been described by several authors as one of the most 
promising materials for new applications related to energy storage and 
conversion, due to its interesting properties, very low toxicity and 
economic price. Regarding materials for Li-ion batteries, this material has 
attracted the attention of a great number of scientists.
1–6
 Thus, TiO2 in the 
anatase form is an important candidate to replace graphite, not only 
owing to its high theoretical gravimetric and volumetric capacities vs. 
lithium (335.4 mAh g
-1
 and 1308.1 mAh cm
-3
 for LiTiO2) but also due to its 
higher and more stable lithiation and delithiation voltage that can provide 
safer batteries. However, the practical capacity values are usually below 
the maximum theoretical capacities, and the amount of lithium that is 
inserted into anatase is affected by the particle size, lithium diffusion 
distances, lattice defects and other factors.
6,7
 The possibility of controlling 
the dimensions and crystallinity of the nanoparticles could be exploited to 
fabricate more geometrically appropriate electrodes, designed to improve 
the electrochemical performance in batteries. Within the known nano-
architectures of TiO2, one of the most interesting morphologies is built by 
self-organized nanotubes (nt-TiO2). The vertically aligned nanotube arrays 
allow rapid lithium diffusion and have been proposed as an electrode 
material for microbatteries.
8,9
 nt-TiO2 can be easily prepared by 
electrochemical oxidation of a titanium foil in fluoride-ion containing 
electrolytes.
10,11
 For a fixed anodization voltage and electrolyte 
composition, the increase in the nanotube length with time follows the 
parabolic law and, on the other hand, the nanotube diameter depends 
mainly on the anodization voltage.
10,11
 Although the material obtained by 
titanium anodization is XRD-amorphous, it is suitable for being thermally 
treated to obtain a crystalline phases (e.g. anatase or rutile) while the 
primary nanotube structure is preserved. The areal capacity (mAh cm
-2 
units) of the electrode can be increased by using longer nanotubes. 
However, the full gravimetric capacity (mAh g
-1
 units) is not reached for 
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longer nt-TiO2 due to the longer lithium diﬀusion path.
11
 Wei et al. recently 
reported highly ordered TiO2 nanotube arrays with a high aspect ratio 
(about 60) and with areal capacities of 0.24 mAh cm
-2
 (i.e. 96 mAh g
-1
) vs. 
lithium at 2.5 mA cm
-2
 current density and 0.46 mA h cm
-2
 at 0.05 mA cm
-2
.
1
 
The same authors also found that, for two-step anodized nt-TiO2, the walls 
of the anatase nanotubes contain two types of crystalline layers: the inner 
wall layer (32nm) and the outer wall layer (15 nm thick). In addition, they 
revealed that nt-TiO2 with thinner walls gave lower areal capacities. 
Besides lithium, anatase can also react reversibly with sodium.
11–13
 
Although it was believed that the capacity of anatase in sodium cells was 
smaller than in lithium cells, two independent research groups have very 
recently reported that the nanostructure of the anatase particles can be 
modified to achieve improved capacity values.
12,13
 In this study, we obtain 
a self-organized array of anatase nanotubes, in which the nanotubes have 
double walls, by smart tuning of the anodization parameters. These 
concentric nanotubes have improved geometrical dimensions to provide 
a higher contact surface between the electrolyte solution and the 
electrode, shorter diffusion distances, better mechanical stability and as a 
product of all that, better electrochemical behaviour in both lithium and 
sodium batteries. To better understand the reaction mechanisms and to 
characterize the obtained materials SEM, TEM, XRD, EPR, and NMR 
experiments have been carried out. 
 
3.4.2 EXPERIMENTAL  
3.4.2.1 Preparation of TiO2 nanotubes  
The anodization process of the titanium metal foil was used to prepare 
self-organized titania nanotube arrays. The counter electrode was a Pt foil, 
and the electrolyte solution was an ethyleneglycol/water (98:2) mixture 
containing 0.3 %wt. of NH4F as the electrolyte salt. The anodization 
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process of titanium under a fixed voltage was performed by applying 100 
V for 2 h. The anodization of titanium under a voltage ramp was carried 
out by continuously increasing the anodization voltage from 20 to 100 V 
for 2 h (11.1 mV s
-1
 ramp). The obtained nanotubes were extensively rinsed 
to remove fluoride ions. To prepare anatase nanotubes, nt-TiO2 samples 
were annealed at 550ºC in an air atmosphere for 3 h. The imposed 
annealing temperature was selected as the highest possible temperature 
to obtain rutile-free anatase. 
3.4.2.2 Characterization of materials  
XRD patterns were recorded using a Siemens D5000 instrument with      
CuKα radiation. The SEM micrographs were obtained using a secondary 
electron detector on a JSM6300 instrument or, alternatively, on a 
JSM7800F. The TEM investigations were performed on a JEOL 2100 
instrument and a JEOL 2100 XEDS, Oxford Instruments, X-MAXN 80T CCD 
Camera ORIUS 1000, 11 Mp, GATAN at an accelerating voltage of 200 kV. 
The specimens were prepared by grinding and dispersing them in ethanol 
by ultrasonic treatment for 6 minutes. The suspensions were dripped on 
standard holey carbon/copper grids. The measurements of lattice-fringe 
spacing recorded in HRTEM micrographs were made using digital image 
analysis of reciprocal space parameters. The analysis was carried out using 
the Digital Micrograph software. The EPR spectra were recorded as the first 
derivative of the absorption signal of an ERS-220/Q spectrometer within 
the temperature range of 90–400 K. The g factors were determined with 
respect to a Mn
2+
/ZnS standard. The signal intensity was established by 
double integration of the experimental EPR spectrum. 
23
Na MAS NMR spectra were recorded using a Bruker Avance 400 WB 
instrument, at 13 kHz of the spin rate. The reference (d = 0 ppm) was NaCl 
aqueous solution. 
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3.4.2.3 Electrochemical tests  
The electrochemical behaviour of the nt-TiO2 electrode material was 
studied in VMP-type apparatus (Biologic Science Instruments). For this 
purpose, the electrochemical test cells (Swagelok-type) were mounted in 
a dry-box filled with Ar. The positive electrode was nt-TiO2 supported on 
the Ti-substrate, and previously rinsed with water and dried under vacuum 
at 120ºC overnight. No binder was used in the electrodes. In the case of 
lithium test cells, a piece of Li was used as a negative electrode, and the 
electrolyte solution was 1 M LiPF6 in the ethylene 
carbonate:diethylcarbonate (EC:DEC = 1:1) solvent mixture. For sodium 
cells, a piece of Na was used as a negative electrode. The electrolyte 
solution was 1 M NaPF6 in an EC:DEC = 1:1 solvent mixture containing 5% 
fluoroethylene carbonate (FEC) as an additive. 
 
3.4.3 RESULTS AND DISCUSSION 
 3.4.3.1 Transient curves  
The formation of nt-TiO2 can be followed by recording the transient curves 
of titanium anodization (Fig. 3.4.1).
2,11
 The anodization under a fixed 
voltage starts with a strong decrease of the current density which 
corresponds to formation of the compact layer of TiO2 on the Ti substrate 
in the presence of oxygen. Then, the observed increase in current density 
is due to dissolution of TiO2 in the presence of fluoride ions and formation 
of pores. Finally, the nearly constant current density (ca. 240 A m
-2
 after ca. 
80 min) is ascribed to the growth of titania nanotubes under steady state 
conditions, between oxide formation and titanium dissolution in the form 
of fluoro-complexes. The transient curve is modified by applying a voltage 
ramp (Fig. 3.4.1), and this fact can influence the mechanism of nanotube 
formation. A minimum current density (ca. 15 A m
-2
) is observed after ca. 
25 min of anodization time, then the current density increases 
exponentially with time and, in contrast to the fixed voltage, the steady 
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state is not observed. The migration of the ions through the anodized 
titanium film can be aﬀected by the voltage ramp and the modification of 
the electric field strength. Since the migration rates are diﬀerent for 
fluoride, oxide and titanium ions, the continuous change in the applied 
electric field may induce a gradient of composition in the film, generating 
stress in the nanotube structure and finally the break- down of the 
nanotube wall into two concentric nanotubes. The conversion of Ti to TiO2 
involves an expansion in volume and, although the stress can induce 
plastic flow of the oxide and tube formation, it seems that under the 
continuous change in the electric field and ion migration rates the single-
walled nanotube can break into a double-walled nanotube. The rapid 
migration rate of the fluoride ions through the stressed regions of nt-TiO2 
may also induce etching and separation of the nanotube wall. On the other 
hand, the resulting lower current density leads to a slower rate of 
nanotube growth. 
3.4.3.2 Nanotube structure and morphology  
After anodization of titanium and prior to annealing, the obtained nt-TiO2 
samples are XRD-amorphous (see ESI Fig. 3.4.S1). After heating nt-TiO2 in 
an air atmosphere to 550ºC, the anatase phase is obtained. The 
morphology of nt-TiO2 samples was examined by using SEM and TEM (Fig. 
3.4.2). The nanotubes grow perpendicularly to the Ti-substrate which is 
equivalent to an epitaxial growth.
13
 The nanotube self-array obtained by 
anodization under a fixed voltage (100 V, 2 h) forms a film of thickness 
(nanotube length) of ca. 67 µm (Fig. 3.4.2A–C). The inner diameter of the 
nanotube (cavity which runs parallel to the nanotube axis) is ca. 90 nm, and 
the nanotube wall thickness is ca. 30 nm. (Fig. 3.4.2B). The corresponding 
anatase sample exhibiting this nanotube morphology with a single wall 
can be named SWANT (single- wall anatase nanotube). After anodization 
using a ramp voltage from 20 to 100 V for 2 h, self-organized titania 
nanotubes are formed with an average nanotube length of about 6 µm 
(Fig. 3.4.2D–G). The outer nanotube (or total) diameter is ca. 200 nm (Fig. 
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3.4.2E). The diameter of the inner central cavity which runs parallel to the 
nanotube axis is ca. 40 nm. The nanotube exhibits two concentric walls 
(outer wall and inner wall). The outer wall is relatively thinner (about 20 
nm), while the inner wall is thicker (about 45 nm). The inner wall of the 
external nanotube and the outer wall of the internal tube are slightly 
separated, and the distance between the two walls is ca. 10 nm. The 
anatase sample exhibiting nanotube morphology with two concentric 
walls can be named DWANT (double-wall anatase nanotube). The 
diameter of the inner nanotube cavity is smaller for the samples prepared 
under the voltage ramp, and this fact can increase the apparent density of 
the electrode active material, while the contact surface between the 
nanotube surface and the electrolyte solution does not decrease due to 
the cylindrical cavity between the two concentric nanotubes. 
 
Fig. 3.4.2 SEM and TEM micrographs of nt-TiO2: (A–C) single-wall (fixed voltage anodization) and 
(D–G) double-wall (ramp voltage anodization). 
 
For a fixed nanotube length, the occurrence of a concentric two-nanotube 
structure can increase the total surface area by a factor of 225 %. The 
special morphology of the double-wall nanotube lets us to consider it a 
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fractal-like electrode maximizing the surface-to-volume ratio. Although 
the as-prepared titania nanotubes obtained by anodization of titanium are 
XRD-amorphous, HRTEM images of both single-wall (Fig. 3.4.2C) and 
double-wall (Fig. 3.4.2G) nt-TiO2 samples reveal few and very small 
crystalline domains. The size of these crystalline nanodomains seems to 
be lower for single-wall nanotubes (about 4 nm) than double-wall 
nanotubes (10–14nm). In addition, the nanocrystalline domains are 
ascribed to the anatase phase and are more often found for double-wall 
nanotubes. On the other hand, fluoride atoms homogenously distributed 
in the nanotube were detected by EDS microanalysis, suggesting that 
TiO2-xF2x is formed. The fluorine ion content is higher for SW-TiO2 (11.5 % 
at.) than DW-TiO2 (8.4 % at.), because the longer nanotubes trap more 
fluoride ions. After annealing at 550ºC, the observed crystalline 
nanodomains grow up to ca. 30 nm for SWANTs and DWANTs. The grain 
growth process is concomitant with the loss of fluorine and crystallization 
of the pure anatase phase. 
3.4.3.3 Electron paramagnetic resonance  
The analysis of the defect structure of titania nanotubes was carried out by 
EPR and the transformation of the amorphous structure into crystalline 
nanotubes was monitored. This technique has been demonstrated to be 
informative in respect of diﬀerentiating the trapped charges in the surface 
and the bulk of TiO2 having an anatase or rutile type structure.
14,15
 This is 
a simple consequence of the diﬀerent spin states of titanium ions– while 
Ti
4+
 is a diamagnetic ion, Ti
3+
 with the 
2
D configuration yields a 
characteristic EPR spectrum. The EPR spectra of the as-prepared and 
annealed nt-TiO2 samples are collected in Fig. 3.4.3. The EPR spectra of the 
as-prepared SW-TiO2 and DW-TiO2 consist of two overlapping signals: a 
narrow asymmetric signal with a g-tensor of g = 1.99, an unresolved g 
and a line width of about 0.2 mT; a broad nearly symmetric signal with g = 
1.94 and a line width of 12 mT. The broad signal has stronger intensity as 
compared with the narrow signal (Table 1).  
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Fig. 3.4.3 EPR spectra recorded at 78 K for nt-TiO2 samples:  (a) amorphous double-wall, (b) 
amorphous single-wall, (c) anatase double-wall and (d) anatase single-wall. 
 
Table 1 Relative EPR intensities of narrow and broad signals due to the lattice and surface anatase 
electron trapping sites (Ilattice and Isurface, respectively). 
nt-TiO2 sample I lattice, a.u. I surface, a.u. Isurface/Ilattice 
Amorphous, double-wall 1.0 3.1 3.1 
Amorphous, single-wall 0.8 3.2 4.2 
Anatase, double-wall 3.7 0 0 
Anatase, single-wall 5.8 0 0 
 
 
After annealing the nt-TiO2 at 550°C, the broad signal disappears, whereas 
the narrow signal grows in intensity. Both EPR signals display g-values that 
fall in the range which is typical for Ti
3+
 ions. The g-tensor for the narrow 
signal coincides with that for Ti
3+
 in regular lattice sites of the anatase 
matrix (g=1.990 and g||=1.957), while the g-values of the broad signal 
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allow its attribution to surface anatase electron trapping sites.
16
 The 
different line widths of the signals are a further proof for their assignment. 
Every Ti
3+
 ion occupying a regular crystal site has a fixed local 
coordination, which gives rise to a relatively lower EPR line width. On the 
contrary, Ti
3+
 ions on the nanotube surface are characterized by a 
structural inhomogeneity regarding local coordination, crystal field 
symmetry, and the presence of ligands such as OH
-
/O
2-
/F
-
, which are a 
driving force for the broadening of the EPR signal. This suggestion is 
further supported by data from EDS microanalysis on the fluorine content 
in nt-TiO2. Therefore, we are able to assign the broad signal to Ti
3+
 ions 
having mainly F
-
 ions as ligands. After annealing at 550°C, the release of F- 
ions is concomitant with a disappearance of the broad signal. However, 
even at 550°C, the bulk defects remain. 
3.4.3.4 Electrochemical cycling in lithium cell 
In Fig. 3.4.4A,B, the electrochemical behaviour of DWANT under 
galvanostatic conditions is compared in lithium cell with that of SWANT. 
The capacity values have been normalized by the finger print area of the 
electrode and the average nanotube length (measured by sample 
examination with SEM). The maximum theoretical capacity for a dense film 
of anatase would be 131 µAh cm-2 µm-1 (corresponding to LiTiO2). The 
values for SWANT are well below the maximum theoretical capacity (Fig. 
3.4.4A). Higher values of capacity are obtained for DWANT (Fig. 3.4.4B), 
being in the range between ca. 170 and 70 µAh cm-2 µm-1, depending on 
the imposed current density. These values are higher than other previously 
reported in the literature for anatase nt-TiO2 in lithium cell.
2,5,17
 Most 
probably, the increase in specific capacity is due to the short nanotube 
length, the double-wall structure and the larger surface of the fractal 
electrode material which is exposed to the electrolyte solution. In addition, 
the rigidity of the two-wall structure to accept bulk defects may also 
explain the higher capacity, according to the EPR results. Apparently, 
lithium insertion is easier in the lattice of DWANT which has less bulk 
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defects. The double-wall structure allows buffering the volume changes 
due to insertion/extraction of lithium into/from the anatase framework, 
which helps preserving the electrode integrity, and also enhances the 
surface of nt-TiO2 in contact with the electrolyte solution allowing a rapid 
penetration of the lithium ions into the electrode. The small size of the 
central cavity leads to a higher density of active material per footprint area 
(for a given value of nanotube length), and consequently higher capacity. 
On the other hand, Shin et al reported that the concentration of defects 
affects the diffusivity of lithium in TiO2.
18
 
Typical potential-capacity curves are shown in Fig. 3.4.4C. The plateaus, 
which are  due to structural transitions and coexistence of two phases, are 
observed in good agreement with the literature.
7
 The structure transition 
was further studied by using XRD and these results can be found in the 
supplementary 
On the other hand, we have also prepared SWANT with a shorter length 
(about 12 µm of length) using fixed voltage anodization (100 V during 15 
min). By comparing the resulting electrochemical behaviour under 
variable current density of short-length SWANT (Fig. 5) and short-length 
DWANT (Fig. 4B), we can further confirm that the double-wall structure 
results in a net improvement of the specific capacity and better response 
to fast kinetics. 
3.4.3.5 Electrochemical cycling in sodium cell 
In sodium cell (Fig. 6A), the electrode active material obtained by ramp 
voltage, or DWANT, also shows higher specific capacity value in 
comparison with SWANT and irrespectively of the nanotube length. The 
reaction between sodium and anatase may be very strongly affected by 
the adsorption of sodium in the surface of nt-TiO2 and, on the other hand, 
there is no plateau of biphasic transformation in the potential-capacity 
curves (Fig. 3.4.6B,C). Having in mind the absence of plateau, the imposed 
lower potential limit was 0.01 V. On the other hand, the composition of 
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Fig. 3.4.4 Specific capacities as a function of cycle number for galvanostatic cycling lithium test cell 
of SWANT (with average length L= 67 µm) (A) and DWANT (L=6 µm) (B).  The lithium cells were 
cycled in the range between 1.0 and 2.6 V under variable current density. (C) Potential-capacity 
curves corresponding to the first three cycles which are shown in (A) and (B). 
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the electrolyte is a key parameter to achieve the electrochemical cycling of 
anatase in sodium cell.
12,13
 Most probably, the special morphology of the 
nanotubes and the enhanced contact between the solid electrode and the 
liquid electrolyte solution allow the storage of a large amount of sodium 
the nanotube surface and a very large capacity is then achieved.  
 
Fig.3.4.5 Galvanostatic cycling results in lithium test cell of SWANT 
(anodization under fixed voltage) with average length L=12 µm.  (A) Specific capacities 
as a function of cycle number. (B) Corresponding potential-capacity curves of the first 
three cycles. The lithium cells were cycled in the range between 1.0 and 2.6 V under 
variable current density (from 0.05 mA cm-2 to 5 mA cm-2). 
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Fig. 3.4.6 Electrochemical results for SWANT and DWANT in sodium test cells under fixed current 
density (50 or 100 µA cm-2). (A) Capacity as a function of cycle number. (B) Voltage-capacity 
curves for DWANT. (C) Voltage-capacity curves for SWANT. 
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The behaviour of the negative electrode (Na) and electrolyte 
decomposition can affect to the cycling of the cell, particularly for 0.01 V 
of lower cut-off potential. The double-wall nanotube exhibits better 
cycling stability for a lower cut-off potential of 0.01 V. 
3.4.3.6 Electrochemical mechanism in lithium cell 
Two main mechanisms can contribute to the reversible electrochemical 
reaction between anatase and lithium: lithium insertion into the anatase 
lattice and accommodation of lithium in the surface of TiO2 particles. 
Although the electrochemical insertion of lithium into anatase has been 
studied in the literature, besides measuring the overall capacity, it is also 
important to understand the mechanism of lithium accommodation in 
order to find any possible differences between SWANT and DWANT. The 
method used here is the determination of the b-parameter in the 
relationship between current density (i) and scan rate (v): i=avb.13,19,20   
The b-parameter (Fig. 3.4.7) was extracted at several potential values and 
cycle number by analyzing cyclic voltammetry data. For the first three 
cycles of SWANT, the plot of b-parameter vs. potential shows a decreasing 
trend during discharge and approximately an U-shape on charge (Fig. 
3.4.7A,B). In the 1.5-1.8 V region on discharge and 1.6-2.4 V on charge, the 
resulting b-values are close to 0.5, revealing diffusion-controlled faradaic 
processes due to Ti
4+
/Ti
3+
 redox lithium insertion/extraction in anatase. In 
the 1.0-1.2 V region in discharge, and ca. 1.4 V and ca. 2.5 V on charge, b 
is close to 1.0, which indicates surface redox processes not controlled by 
lithium diffusion, including both faradaic pseudocapacitance and non-
faradaic double layer effects. The differences between the electrochemical 
b-value in the discharge (Fig. 3.4.7A) and charge (Fig. 3.4.7B), are related 
to the hysteresis found on lithium insertion/extraction. These results are in 
good agreement with those found by Dunn's group for nanocrystalline 
film of anatase,
20
 the main difference being a wider potential window 
where the insertion process takes place in SWANT. If we compare the  
Capítulo 3. Nanomateriales obtenidos por Anodización 2015 
 
189 
Nanomateriales estructurados obtenidos mediante electroquímica y 
sonoquímica y su aplicación como electrodos de baterías de iones alcalinos 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4.7 Electrochemical b-values for SWANT a function of potential for discharge (A) and charge 
(B), and for DWANT during discharge (C) and charge (D) in lithium cell. 
 
results of SWANT (Fig. 3.4.7A,B) with those of DWANT (Fig. 3.4.7C,D), a 
significant increase in the values of the b-parameter is observed for 
DWANT, particularly during the charge process, and this fact would 
involve a higher contribution of the surface  redox processes 
(pseudocapacitance not controlled by diffusion of lithium). These results 
are in very good agreement with the higher values of specific capacity 
found for DWANT (Fig. 3.4.4). 
To summarize, the insertion of lithium into anatase takes place in the 1.5-
1.8 V region, while the accommodation of lithium takes place in the surface 
of the nanotube in other voltage regions. Thus, the double-walled 
structure allows increasing the specific capacity in a wider potential range, 
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as a result of the pseudocapacitive contributions in addition to the usual 
faradaic insertion process.  
3.4.3.7 Electrochemical mechanism in sodium cell 
The ability of anatase to react with sodium, which has been the subject of  
certain controversies, seems to be strongly affected by the morphology 
and size of the particles and, in fact, the mechanism is not well known.
12
 
Our previous studies about anatase nanotube in sodium cells revealed a 
very important contribution of the nanotube surface to the reversible 
capacity  according to the obtained values of the b-parameter.
13
 In 
addition, the ex-situ XRD pattern of the electrode DWANT after 
electrochemical cycling in sodium cell reveals that the anatase structure is 
preserved, in good agreement with the absence of extended plateaus in 
the potential-capacity curves, and in contrast with the biphasic 
transformation of anatase in lithium cell (see supplementary information). 
NMR, EPR and HRTEM can help to shed light on the study of the reaction 
between anatase nanotubes and sodium.   
Irrespectively of the complex spectra that result from quadrupolar 
broadening, the observed 
23
Na MAS NMR spectra of the SWANT and 
DWANT electrodes in the discharged state (Fig. 3.4.8) show a narrow peak 
placed at +5 ppm and broadened resonance centred at about – 11 ppm. 
These spectra are equivalent to others reported in the literature for 
sodiated TiO2.
21,22
 Thus, Suetake et al. ascribed a sharp peak at -2 ppm to 
sodium ions with high mobility and that interact weakly with the nt-TiO2, 
while a broad signal at -10 ppm corresponds to sodium ions with restricted 
mobility and strongly associated with nt-TiO2.
21
 In Fig. 3.4.8, a certain 
narrowing of the signal for DWANT in comparison with SWANT is 
observed. A tentative explanation of this fact can be that the defects in 
SWANT (studied by EPR) can broaden the NMR signal. Another 
explanation is a better mobility of the sodium ions in the DWANT 
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structure. Both possible interpretations are in good agreement with the 
higher values of specific capacity observed for DWANT in Fig. 3.4.4. 
 
Fig. 3.4.8 23Na MAS NMR spectra of electrodes based on single-wall and double-wall 
anatase nanotubes discharged at 0.01 V vs. Na+/Na. 
 
After the first discharge to 0.01 V in sodium cell, the recovered DWANT 
electrode was examined by TEM and electron diffraction patterns were 
recorded. Polycrystalline diffraction shows that sodiated DWANT consists 
of a mixture of anatase TiO2 (main phase) and NaTi8O13 (minor 
component) (Fig. 3.4.9). Sodium titanate with NaTi8O13 stoichiometry is a 
Ti
3+
/Ti
4+
 mixed valence compound that crystallizes in the R-3 space 
group.
23
 It is worth to mention that the crystallinity of sodiated DWANT 
remains unchanged. Although it is not observed by ex-situ XRD of the 
recovered electrodes, the appearance of the crystalline impurity NaTi8O13 
is evidenced by the HRTEM images: lattice fringes corresponding to (101) 
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plane of NaTi8O13 are superimposed on the main lattice fringes due to 
(002) plane of the anatase TiO2 (Fig. 3.4.10). 
 
 
 
 
 
 
 
 
 
Fig. 3.4.9 Electron diffraction patterns for DWANT (left) and its sodiated counterpart (0 V vs. 
Na+/Na, right). 
 
 
Fig. 3.4.10 HRTEM of sodiated DWANT. The anatase (An-TiO2) and NaTi8O13 phases are indicated 
 
The crystalline domain size of impurity NaTi8O13 spread up to 5 nm. 
However, this phase is observed with a relatively low frequency. The 
capacity associated with the formation of NaTi8O13 is too low to explain 
the higher specific capacity observed for DWANT in sodium cell. The 
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distribution of all elements determined from high angle annular dark field 
TEM images are compared in Figure 3.4.11. It appears that Na, F and P are 
homogeneously distributed over the surface and inside the nanotubes. 
The atomic percentages of the elements are: Ti=32.5 %, O=46.0 %, 
Na=13.8 %, F=5.6 % and P= 2.1 %. Thus, the EDS analysis shows that one 
sodium atom interacts with 2-3 Ti atoms from nt-TiO2.  
In comparison with the electrolyte solution of NaPF6 salt in ED:DEC, the F/P 
ratio is lower than six. This gives an evidence for a partial decomposition 
of the electrolyte solution during the first discharge of DWANT. 
 
Fig. 3.4.11 High angle annular dark field TEM images and mapping of composition for Ti, O, Na, F 
and P. 
 
The surface interaction between Na and nt-TiO2 is further supported by 
the EPR results which are shown in Fig. 3.4.12. After sodiation of DWANT, 
the signal due to lattice electron trapping sites disappears and a new 
anisotropic signal with an average g=1.942 grows in intensity. The g-value 
is close to that observed for the signal due to surface anatase electron 
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trapping sites. However, the appearance of the sodium titanate phase in 
the TEM results could be associated to the broad signal with Ti
3+
 in 
NaTi8O13. To check this assumption, we measure the EPR spectrum of 
sodiated DWANT after air exposition (Fig. 3.4.12). The EPR spectrum 
undergoes changes leading to the observation of two well resolved 
signals: a narrow asymmetric signal with g=1.985 and a broad symmetric 
signal with g=1.935. These two signals are characteristics of Ti
3+
 ions 
trapped in the regular lattice and surface sites of the anatase matrix, 
respectively. The observed changes in the EPR spectra imply that the 
broad signal of sodiated DWANT is due to Ti
3+
 in surface sites of the 
nanotubes, instead of NaTi8O13 which is thought to be stable under air.
20
 
On the other hand, Bandura et al. have recently demonstrated that nt-TiO2 
can integrate different crystalline phases in one and the same wall 
structure.
24
   
 
 
Fig. 3.4.12 EPR spectra for DWANT (20-100 V, 2 h) before and after its reaction with sodium. For 
the sake of comparison, the EPR spectrum of sodiated DWANT after exposing to air atmosphere 
for 1 day is also given. 
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In order to further highlight the role of the surface area to achieve high 
capacity, it is worth to remember that nt-TiO2 also can be used like 
supercapacitor with areal capacitance.
25
Thus, the pseudocapacitance due 
to adsorption of lithium (and sodium) in the surface of the nanotube leads 
to an increase in the capacity of DWANT in comparison with a pure 
insertion process.   Several authors have demonstrated the possibility of 
interfacial sodium (and lithium) storage in other materials.
26,27
    
 
3.4.4. CONCLUSIONS 
Anodization under a voltage ramp is an easy method to prepare double-
wall anatase nanotube using a single-step anodization process. The 
double-wall structure increases the specific capacity due to the 
pseudocapacitive contribution which is related to the higher surface 
coming from the special nanostructure, in addition to the usual faradaic 
insertion and in a wider potential range. The response to high current 
densities is improved with the double-wall structure. The initial smaller 
concentration of bulk defects (Ti
3+
 determined by EPR) in double-wall 
anatase is in good agreement with its higher specific capacity. The high 
specific capacity values make that this electrode materials can be 
potentially very useful for lithium and sodium ion microbatteries. In the 
case of the reaction with sodium, the capacity of anatase is strongly related 
to the reduction to Ti
3+
 in the nanotube surface. Although the occurrence 
of NaxTiO2 phases is not detected by XRD, the presence of NaTi8O13 is 
inferred from TEM results. However, the main capacity of DWANT is 
associated with the nanotube surface interaction with Na instead of 
NaTi8O13 formation. 
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3.4.6 SUPPLEMENTARY INFORMATION 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4.S1. XRD for titanium anodized at 100 V during 40 min (single-wall nanotube): (a) before 
(amorphous nt-TiO2 on Ti)) and (b) after annealing at 550°C (SWANT). The Miller indexes are 
shown for Ti (substrate) and anatase phase. 
  
10 20 30 40 50 60 70 80
T
 (
1
0
0
)
T
 (
1
0
0
)
T
 (
1
1
2
)
T
 (
1
0
3
)
T
 (
1
0
2
)
T
 (
1
0
1
)
T
 (
2
0
1
)
T
 (
1
1
0
)
T
 (
1
1
2
)T
 (
1
0
3
)
T
 (
1
0
2
)
T
 (
0
0
2
)
T
 (
1
0
1
)
A
 (
3
0
1
)
A
 (
1
1
6
)
A
 (
0
2
4
)
A
 (
1
2
1
)A
 (
1
0
5
)
A
 (
0
2
0
)
A
 (
0
1
3
)
A
 (
0
0
4
)
 
 
2(CuK)
 nt-TiO2 45min 100V 550C
 nt-TiO2 40min 100V RT
(a) anodized titanium
(amorphous nt-TiO
2
 on Ti)
(b) anatase nt-TiO
2
 on Ti
A
 (
1
0
1
)
T: Ti substrate
A: anatase
Capítulo 3. Nanomateriales obtenidos por Anodización 2015 
 
199 
Nanomateriales estructurados obtenidos mediante electroquímica y 
sonoquímica y su aplicación como electrodos de baterías de iones alcalinos 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4.S2. Results of galvanostatic cycling experiments for single-wall anatase nt-TiO2 (100 V, 
120 min, 550°C) in lithium cell under variable current density. (A) Potential-capacity plots. (B) 
Corresponding gravimetric capacity (mAh/g) and areal capacity (mAh/cm2) values measured in the 
discharge process as a function of cycle number. The mass of the electrode active material 
(SWANT) was determined by scraping the film of nt-TiO2 from the titanium substrate and weighing 
in a microbalance. 
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Figure 3.4.S3. Study of the reaction between anatase single-wall anatase nt-TiO2 (100 V, 45 min, 
550°C) and lithium. (A) Potential-capacity plot for the first discharge-charge cycle. (B) Ex-situ XRD 
of nt-LixTiO2 obtained at selected states of discharge (a-d) and charge (e). The Bragg reflections of 
,  and  phases are marked. The peaks due to protective plastic film (p) and Ti substrate (T) are 
marked.  Imposed current density: 0.1 mA/cm2. 
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Figure 3.4.S4. Electrochemical behavior of double-wall anatase nt-TiO2 obtained by anodizing 
under ramping voltage (Vanod= 20-100 V, 2 h). (A) Potential-capacity plot. (B) Capacity as a function 
of cycle number. Imposed current density in lithium cell: 50 µA/cm2. The gravimetric capacity was 
estimated by weighing the electrode mass before and after peeling-off the nt-TiO2 film from the Ti-
substrate. 
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Figure 3.4.S5. Current density vs. potential obtained by cyclic voltammetry for SWANT (A) and 
DWANT (B)  in Li test cells. 
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Figure 3.4.S6. Example of the fitting of the experimental data obtained from cyclic voltammetry 
experiments to obtain the electrochemical b-parameter. 
 
 
 
 
 
 
 
 
 
 
Figure 3.4.S7.  Ex-situ XRD of DWANT after electrochemical cycling in sodium cell. The electrode 
was protected against its reaction with air atmosphere. The reflections of anatase nanotube and Ti-
substrate are preserved after electrochemical reaction with sodium. 
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3.5 Self-organized, anatase, double-walled 
nanotubes prepared by anodization under voltage 
ramp as negative electrode for aqueous sodium-ion 
batteries 
José R. González, Ricardo Alcántara, Francisco Nacimiento, Gregorio F. 
Ortiz, José L. Tirado 
Laboratorio de Química Inorgánica. Campus de Rabanales, edificio C3, Universidad de Córdoba. 14071 
Córdoba, Spain  
ABSTRACT 
In order to prepare TiO2 nanotubes of controlled morphology, anodization 
of titanium under fixed voltage or, alternatively, under variable voltage 
(voltage ramp) was used. Self-organized TiO2 nanotubes with amorphous 
character are obtained, and after annealing at about 500°C in air 
atmosphere anatase-phase nanotubes are formed. The use of aqueous 
electrolyte batteries may be an alternative to non-aqueous batteries. 
Using cyclic voltammetry, we have found that self-organized anatase 
nt-TiO2 electrode in aqueous solution containing lithium (or sodium) ions 
exhibits reversible redox processes, particularly after optimization of the 
electrode (i.e. anodization of Ti under ramping of voltage) and electrolyte 
properties. It seems that the ramp of voltage drives to double-walled 
nanotube and this special morphology (fractal electrode) enhances the 
capacity to react with sodium. The electrochemical behavior of this 
electrode material in aqueous sodium cell can be competitive against TiO2 
in non-aqueous microbatteries.  
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3.5.1 INTRODUCTION 
TiO2 is exceptionally stable, nontoxic, inexpensive and abundant. These 
properties contribute to make titania an excellent candidate as material 
for energy storage systems, such as batteries
1-4
 and electrochemical 
capacitors,
5
 and for conversion energy systems such as solar cells.
6,7
 
However, the use of TiO2 as negative electrode in non-aqueous batteries 
may show several drawbacks, such as the relatively low gravimetric 
capacity, low coulombic efficiency at low voltage and poor cyclability. The 
formation of titania nanotubes (nt-TiO2) can help to overcome these 
problems. 
The good response of nt-TiO2 electrode in lithium batteries
4
 prompts its 
evaluation in sodium batteries. Thus, previous results evidenced the 
suitability of amorphous nt-TiO2 in sodium test cells,
8,9
 and areal capacity 
was enhanced in high aspect ratio titania nanotubes.
9
 In addition, 
reversible capacity for nanosized anatase TiO2 in sodium batteries has 
been also reported.
10,11
 We very recently have reported Na batteries using 
anatase nt-TiO2 with very good electrochemical behavior: areal capacity in 
the order of 1.0-1.5 mAh/cm
2
, and after 600 discharge-charge cycles the 
gravimetric capacity is about 200 mAh/g.
12
 
The use of aqueous electrolyte batteries may be an alternative to lithium
3, 
13
 and sodium
14-17
 ion batteries which use organic solvents, with safety, 
cost and environmental advantages. Thus, in a pioneering work, Li et al. 
reported that the aqueous lithium ion batteries compete with nickel-
cadmium and lead-acid batteries on the basis of stored energy per unit of 
weigh.
13
 The main drawbacks and limitations would be the low voltage 
(around 2 V for aqueous lithium ion batteries) and the electrode stability. 
Several of the materials that have been studied as electrodes for lithium 
aqueous batteries are LiMn2O4,
18
 Mo6S8,
19
 LiCoO2,
20
 Li1/3Ni1/3Mn1/3O2,
21
 
MnO2 ,
22
 LiFePO4 ,
23 
Na2V6O16·0.14H2O
24
 and TiO2.
25-27
 In principle, all these 
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electrode materials should operate within a potential window that avoids 
or minimize the evolution of H2 and O2, and consequently the feasibility of 
operating the aqueous lithium ion batteries would be demonstrated,
28
 
albeit electrochemical cells with recombination of the evolved gases 
perhaps may be developed in future, similarly to Ni/MH, Ni/Cd and lead-
acid batteries. In addition, the electrode materials for aqueous lithium ion 
batteries may use coating and passivating layer to avoid reactions with the 
electrolyte, such as for example the PbSO4 layer in lead-acid batteries. 
Alternatively, the gas evolution may be suppressed by using electrolytes 
with mixed lithium salts.
26
 Luo et al proposed to increase the stability of 
the battery adjusting the pH of the electrolyte (the potential range where 
the water solutions are electrochemically stable is pH-dependent), 
eliminating oxygen and using carbon-coated electrode materials.
29
 
It is known that nanostructured anatase (TiO2) exhibits reversible insertion 
of lithium ions in aqueous LiOH electrolyte.
27,30
 The nanostructured 
materials exhibit higher surface area exposed to the electrolyte solution 
and shorter diffusion path, and these facts are advantageous in improving 
the high-rate performance. At pH=14, lithium insertion into anatase takes 
place at about -0.38 V vs. reversible hydrogen electrode. The overpotential 
of H2 evolution is needed for the favored lithium insertion. In contrast, the 
proton insertion into rutile is below the potential of the hydrogen 
evolution reaction, with H0.0002TiO2 stoichiometry at -2 V vs. saturated 
calomel electrode and at pH=10. Wu et al. showed that the films of 
nanostructured anatase, fabricated by electrodeposition, show more 
capacity to react with lithium than amorphous TiO2 and crystalline 
anatase.
30
 In addition, the large surface area of the nanoparticle may 
enhance the irreversible processes which take place in the interface 
between the electrode and the solution. Thus, the particle morphology 
should be optimized to improve the electrochemistry of nanostructured 
anatase in aqueous cell.  
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On the other hand, electrode materials for aqueous sodium ion batteries 
are being explored, such as V2O5,
15
 Na3Ti2(PO4)3.
16,17
 However, to the best 
of our knowledge, the use of anatase nanotube in aqueous sodium 
batteries has not been reported in the literature. 
In this work, the electrochemical reaction of nt-TiO2, which is obtained by 
anodization (at fixed voltage or using voltage ramp) of titanium at very 
high potential (up to 120 V), in aqueous lithium and sodium aqueous 
solutions is explored and, particularly, the electrochemical behavior in 
aqueous sodium cell is optimized. 
 
3.5.1 EXPERIMENTAL 
The anodization of Ti (working electrode) under potentiostatic conditions 
and fixed voltage (60 or 100 V) to obtain self-organized titania nanotubes 
was carried as described in elsewhere.
9, 12, 31
 The counter electrode was Pt. 
The electrolyte solution was ethyleneglycol:water (98:2 ratio) solvents 
mixture containing 0.3 %wt. of NH4F. Alternatively, the anodization of 
titanium was performed by imposing a ramp voltage: linear decrease of 
anodization voltage from 120 V to 40 V during 120 min. 
The XRD patterns were carried in a Siemens D5000 instrument with CuKα 
radiation. For SEM and TEM examinations, a JEM1400, a JSM7800F and a 
Philips CM10 instruments were used.  
The electrochemical experiments (cyclic voltammetry) with nt-TiO2 
electrode for batteries were performed at room temperature in a VMP 
instrument. Several scan rates were used. The nt-TiO2 nanotube arrays on 
the Ti substrate were used directly as the working electrode (with about 
0.6 cm
2
 of apparent area) in a three-electrode electrochemical cell, where 
the reference electrode was Ag/AgCl and a wire of Pt was used like counter 
electrode. The electrolyte consisted in solution of lithium (or sodium) 
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hydroxide or salt (LiCl or NaCl) dissolved in deionized water. Prior to the 
electrochemical experiments, the electrolyte solution was outgassed by 
bubbling Ar for 30 min.  
 
3.5.3 RESULTS AND DISCUSSION 
We have reported a detailed study about the nanotube growth rate using 
constant voltage of anodization in elsewhere.
9
 Thus, for example, under a 
constant anodization voltage (100 V) applied during 120 min, self-
organized, high aspect ratio nanotubes with average nanotube length 
L=67 μm are obtained, and the total nanotube diameter is about 152 nm. 
After annealing at 450-550°C, the amorphous nanotubes crystallize to 
anatase phase while the microstructure is basically preserved.
9,12,31
  
To study the electrochemical reaction between nt-TiO2 and lithium in 
aqueous solution, we have carried out cyclic voltammetry experiments 
(Figures 3.5.1-4). During the reduction process (negative current intensity) 
the color of the nt-TiO2 electrode changes from pale yellowish to black, 
suggesting lithium intercalation and reduction of titanium ions from Ti
4+ 
to Ti
3+
. We observe that amorphous nt-TiO2 electrode exhibits relatively 
low capacity to reversibly react with lithium and larger irreversibility 
(Figures 3.5.1, 3.5.2 and 3.5.4) in comparison with anatase nt-TiO2 obtained 
at 450°C (Figure 3.5.3) of the same length (this means anodization time 
and voltage, 100 V and 15 min in this case). Similarly, Wu et al. reported 
that thin films of anatase annealed at 400-500°C show significant 
reversible insertion of lithium in aqueous LiOH solution while there is no 
significant redox peak for the poorly crystalline thin films annealed below 
300°C, and they suggested that the poorly crystalline phase blocks the 
electrochemical reactions.
30
 On the other hand, Ohzuku et al. using non-
aqueous cell found that lithium diffusion into anatase is easier than into 
rutile.
1
 Consequently, anatase phase of nt-TiO2 can be a better choice than 
amorphous nt-TiO2 for aqueous lithium ion batteries.  
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Figure 3.5.1 (A) Cyclic voltammograms of amorphous nt-TiO2 (60 V, 120 min) in 1 M LiOH aqueous 
solution at different scan rates. (B) Relationship between the anodic peak intensity and square root 
of the scan rate. 
We can further explain the different electrochemical behavior of annealed 
(anatase) nt-TiO2 in comparison with non-annealed (amorphous) nt-TiO2 
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in aqueous cell. It is known that the potential-capacity plot for crystalline 
anatase in non-aqueous Li cell shows a well defined plateau at ca. 1.8 V, 
which is characteristic of a biphasic mechanism and, in contrast, 
amorphous TiO2 does not exhibit well-defined plateaus and a main 
contribution to the reversible capacity process takes place from 1.0 to 0.01 
V vs. Li
+
/Li.
31,32
 Thus, in order to achieve a large capacity for lithium 
insertion into amorphous nt-TiO2 using aqueous electrolyte, it would be 
necessary to work below the hydrogen evolution potential and this fact 
would yield to lower coulombic efficiency. 
 
Figure 3.5.2  Cyclic voltammetry results for amorphous nt-TiO2 anodized at 100 V during several 
times (t=15, 30, 45 and 60 min). Aqueous electrolyte: 3.5 M LiCl, 0.5 M LiNO3 and 1 mM LiOH. 
Scan rate: 100 mV s-1. 
 
In Fig. 3.5.1A, only a fraction of the cathodic capacity (lithium insertion) is 
recuperated in the anodic capacity (lithium deinsertion), probably because 
a certain hydrogen evolution can contribute to the irreversible charge 
capacity on the cathodic sweep. For the oxidation process (positive current 
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intensity) the area under the cyclic voltammograms curves corresponds to 
the total charge capacity that may arise from both  faradaic and non-
faradaic processes.
5
 Both the Li
+
 insertion process and the charge transfer 
process with surface atoms (pseudocapacitance) are included in the 
faradaic contribution and cannot be separated. The non-faradaic 
contribution involves the double-layer effect. The parasitic reaction 
(hydrogen evolution) can contribute to the capacity of the cathodic 
current (negative current intensity) and to reduce the coulombic 
efficiency. For faster scan rates, the intensity of the anodic peak at ca. -0.75 
V in the anodic sweep and the areas under the curves are higher. A linear 
relationship between the normalized intensity of the peak at -0.75 V and 
the square root of the scan rate is expected for diffusion-controlled 
process, as is typically found for Li-insertion into anatase,
33
 and we observe 
this type of relationship in Fig. 3.5.1B. Irrespectively of the reversible LixTiO2 
formation, Manickan et al suggested that, Ti2O3, Ti2O and TiO compounds 
are irreversibly formed during the electroreduction of TiO2 in aqueous 
solution.
25
 These titanium oxide compounds are not formed in non-
aqueous cells and may be related to proton intercalation.
34
  
On the other hand, in Figure 3.5.2 we can confirm that, for a fixed 
anodization voltage (100 V) of Ti to obtain nt-TiO2, the longer nanotubes 
(anodization time changes from t= 15 min to 60 min) show higher current 
densities, as due to the longer nanotube length and higher surface area 
exposed to the electrolyte solution. 
Similarly to amorphous nt-TiO2, for anatase nt-TiO2 the current intensity 
also increases with the scan rate (Figure 3.5.3). It is observed that, as it was 
discussed above, to achieve reversible intercalation of lithium into nt-TiO2 
we can impose a higher cut-off potential for anatase than amorphous 
nt-TiO2. In addition, looking at the anodic and cathode peaks in the 
voltammograms we can confirm that the electrochemical process is more 
reversible and efficient for anatase than amorphous nt-TiO2. 
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Figure 3.5.3  Cyclic voltammograms for anatase nt-TiO2 (100 V, 15 min, 450°C) in aqueous 1 M 
LiOH solution and using several scan rates. 
 
Having in mind the comparison between lithium and sodium cells, the 
voltammograms obtained in 1 M LiOH and 1 M NaOH aqueous solutions 
for amorphous nt-TiO2 (obtained under fixed anodization voltage) are 
shown in Fig. 3.5.4. The apparent current densities and anodic charges 
(removal of lithium) are smaller for sodium (Fig. 3.5.4B) in comparison with 
lithium (Fig. 3.5.4A). These results strongly suggest that the smaller Li
+
 ion 
is more easily inserted into amorphous nt-TiO2 than Na
+
. Nevertheless, we 
have found a way to improve the electrochemical behavior of nt-TiO2 in 
sodium cell, thorough employing anatase nt-TiO2 obtained under voltage 
ramp, as is discussed below.  
Using cyclic voltammetry in aqueous 1 M NaCl solution, we have found 
that self-organized anatase nt-TiO2 obtained using variable voltage (ramp 
from 120 to 40 V during 120 min) exhibits sodium extraction redox 
processes in the region between ca. -1.0 and +0.3 V   (Figs. 3.5.5 and 3.5.6). 
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Figure 3.5.4  Cyclic voltammograms for amorphous nt-TiO2 (60 V, 120 min) in aqueous solutions 
containing (A) 1 M LiOH  or (B)1 M NaOH. Scan rate: 100 mV s-1. 
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The region below ca. -1.75 V is dominated by electrolyte decomposition 
(hydrogen evolution). After looking at the anodization peak (sodium 
extraction from nt-TiO2) in Figs. 3.5.5A and 3.5.6, we can conclude that this 
electrode material exhibits an electrochemical behavior which is improved 
in comparison with other nt-TiO2 electrodes and other aqueous solutions. 
If we compare the shape of the voltammograms obtained for anatase 
nt-TiO2 obtained with ramping of voltage (Fig. 3.5.5A and Fig. 3.5.6a) in 
1 M NaCl and 1 M LiCl  (Fig. 3.5.5B) with anatase nt-TiO2 obtained under 
fixed voltage (Fig. 3.5.6b and Fig. 3.5.7) it is concluded that the imposed 
anodization process under ramp of voltage strongly affects to the 
resulting sodium insertion (or adsorption) into nt-TiO2. 
Since the sample prepared under voltage ramp is more promising, we 
have studied its prolonged electrochemical cycling in aqueous sodium cell 
using cyclic voltammetry. The resulting capacity values as a function of 
cycle number are shown in Fig. 3.5.8. In Fig.3.5. 8A, the areal capacity value 
have been normalized by using the apparent area of the electrode 
(mAh cm
-2
 units) and both the apparent area and the nanotube length 
(mAh cm
-2
 µm-1 units). In Fig. 3.5.8B, the gravimetric capacity values (mAh 
g
-1
 units) have been estimated by weighing the active material (nt-TiO2) 
scraped from the Ti substrate. During the first cycles, the capacity is about 
0.16 mAh cm
-2
, ca. 0.03 mAh cm
-2
 µm-1 or ca. 136 mAh g-1.  After 1000 
cycles, the areal capacity is about 0.08 mAh cm
-2
, ca. 0.01 mAh cm
-2
 µm-1 
or ca. 69 mAh g
-1
. The practical capacity value of anatase electrode in 
non-aqueous lithium cell is usually about 168 mAh g
-1
 (corresponding to 
Li0.5TiO2). Xiong et al., reported capacity values for amorphous nt-TiO2 in 
non-aqueous sodium cell of around 60-150 mAh g
-1
 during the first 15 
cycles.
8
 Non-aqueous lithium microbatteries based on TiO2 with capacity 
values of 0.08 mAh cm
-2
 µm-1 35 and ca. 0.01 mAh cm-2 36 during 50 cycles 
have been reported by other authors. Consequently, the capacity value 
that we have obtained in aqueous sodium cell can be competitive against 
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other capacity values reported for TiO2 in non-aqueous lithium and 
sodium microbatteries.   
 
Figure 3.5.5  Cyclic voltammograms for anatase nt-TiO2 (120-40 V, 120 min, 550°C) in (A) 1 M 
NaCl aqueous solution and (B) 1 M LiCl aqueous solution. 
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Figure 3.5.6 Cyclic voltammograms 1 M NaCl aqueous solution for anatase nt-TiO2 (a) prepared 
using ramp voltage (120-40 V, 120 min, 550°C) and (b) prepared under fixed voltage (100 V, 30 
min, 550°C). Rate: 30 mV s-1. 
 
The reason for the observed improvement of the electrochemical behavior 
for nanotube obtained under voltage ramp are not yet completely 
elucidated but it can be related to the surface and morphological 
properties of the nanotube, and this fact is discussed below. We have 
described the morphology of nanotubes obtained under fixed 
anodization voltage (60 or 100 V) an the rate of the nanotube growth in 
elsewhere.
9,12,31
 Although the nanotube diameter can be increased mainly 
by using high anodization voltage, however, the anodization under a fixed 
voltage as high as 120 V yields to very rapid oxidation of titanium and very 
high rate of nanotube growth, and this very rapid process may not be very 
convenient to achieve good electrode for batteries.
9,12
 In contrast, the 
nanotube obtained under voltage ramp possesses special morphology. 
According to the TEM images, the imposed anodization process (ramp of 
voltage) allows obtaining shorter nanotubes (ca.  7 µm) with a wider pore 
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diameter (about 100 nm of pore diameter and 183 nm of total diameter) 
and a double-walled morphology (Fig. 3.5.9). The imposed very high 
anodization voltage (initially 120 V) allows obtaining a wide nanotube and 
a wide central cavity.  The ramp voltage is related to the formation of the 
double-walled structure with an inner wall of 35 nm of thickness and an 
outer wall of ca. 13 nm. Thus, the transient curve is modified after applying 
ramp voltage (Fig. 3.5.10), and this fact can influence on the mechanism of 
nanotube formation.
37
 
 
Figure 3.5.7 Cyclic voltammograms for anatase nt-TiO2 (100 V, 30 min, 550°C) in 1M NaCl 
aqueous solution obtained at different scan rates. 
 
In a try to understand the reaction between Na ions and anatase nt-TiO2 
in aqueous cell, the b-values were obtained at several potentials from 
cyclic voltammograms which were recorded at several rates (Fig. 3.5.11), 
and following procedures described in the literature.
12,38-41
 Since the 
variation of the currents with the sweep rate obeys the power law, the 
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parameter b is obtained from the relationship i=avb, where i is the current 
density and v is the sweep rate. 
 
Figure 3.5.8 Discharge and charge capacity as a function of cycle number solution for anatase 
nt-TiO2 prepared using ramped voltage (120–40 V, 120 min, 550ºC). Surface capacity values are 
shown in (A), while gravimetric capacity and efﬁciency values are shown in (B). Scan rate: 30 mV 
s−1. Potential range: −1.9 V/+0.5 V. 
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after plotting log i vs. log v, a, and b are adjustable parameters. The true 
physical meaning of a remains unclear but, however, the values of b can be 
interpreted according to the literature. We can assume that the values of 
b near 1.0 are due to sodium accommodated on the surface of anatase nt-
TiO2 and that this is a pseudocapacitive and non-diffusion controlled 
process. For ideal diffusion-controlled faradaic process b is equals to 0.5. 
The results suggest that the process is mainly pseudocapacitive; but the 
diffusion-controlled contribution to the mechanism is not negligible 
particularly in the voltage region of about -0.7/-0.5 V where the value of b 
is close to 0.6. A possible explanation of the decrease of b-value can be the 
fractality of the nanopores.
41
 The double-wall structure of the nanotube in 
the self-arrangement of nt-TiO2 is equivalent to fractal geometry and may 
contribute to change the b-value and enhance the capacity. On the other 
hand, the contribution of hydrogen generation (irreversible faradic 
process) in the discharge can decrease the value of b near -1.0 V and 
decrease the coulombic efficiency.  
 
3.5.4 CONCLUSIONS 
Titania nanotube electrodes are directly grown on current collectors and 
can be used without binders and/or additives. Anatase titania nanotubes 
obtained under ramp of voltage exhibit modified microstructure, double-
walled nanotube and wide inner pore and, consequently, the capacity for 
sodium accommodation is improved in comparison with nanotubes 
obtained under fixed voltage. Batteries with self-organized nanotube 
electrodes containing double-walled nanotube can be regarded like a 
fractal electrode-electrolyte interface. Further optimization of the 
electrolyte, surface properties and electrochemical cycling conditions may 
render this electrode material more suitable for aqueous high-energy 
sodium-ion batteries. 
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Figure 3.5.9 TEM micrographs for nt-TiO2 obtained by anodization at (A) 60 V and , (B) ramp 
voltage (120-40 V). 
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Figure 3.5.10 Transient curves for titanium oxidation imposing fixed voltage or ramp voltage. 
 
Figure 3.5.11 b-values for anatase nt-TiO2 (ramp voltage: 120-40 V, 120 min) in aqueous sodium 
cell (1 M NaCl). 
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4.1 Electrodeposited CoSn2 on nickel open-cell 
foam: advancing towards high power lithium ion and 
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ABSTRACT  
Amorphous Co-Sn alloy was co-electroplated on the three-dimensional 
framework of nickel foam and then CoSn2 phase was formed after 
annealing at 200°C. It is observed that short electrodeposition times 
favour a higher x-value in the resulting CoSnx alloy. Low current densities 
and short electrodeposition times favour the formation of discrete 
submicrometric particles (Volmer-Weber model). The morphology of the 
electrode allows achieving high areal and gravimetric capacities values 
under high rates of charge-discharge in Li cell. The observed areal capacity 
values are in the range between 0.2 and 6 mAh/cm
2
, depending on the 
cycling rate and the mass of electrodeposited alloy. For electrodes with 
short electrodepositon time and Volmer-Weber model the response to 
high charge-discharge rates is excellent and the gravimetric capacity is 
around 800 mAh/g. 
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4.1.1 INTRODUCTION 
Metallic elements that can extensively alloy with lithium, such as tin, or 
their compounds may replace graphite as negative electrode of lithium 
ion batteries with high energy density. Although the theoretical maximum 
capacity of pure tin to react with lithium (992 mAh/g) is much higher than 
the theoretical maximum capacity of graphite (372 mAh/g), in order to 
achieve better cycling stability usually tin is alloyed with a transition metal 
element which does not alloy with lithium, such as cobalt, and the 
nanoparticles of the Co-Sn alloy are dispersed with carbon particles.
1-3
 
Amorphous tin-cobalt alloy electrode materials exhibit electrochemical 
behaviour much more superior to that of crystalline tin. The particles of 
the cobalt-tin alloys or intermetallic compounds can be tailored in order 
to satisfy the demands of the battery design and electrochemical 
performance, for example in the form of nanoparticles of controlled 
morphology or thin films.
4
 One of the challenges is to design electrodes 
that can overpass the specific capacity of graphite even at high kinetics to 
achieve higher power batteries.  
The effective use of microbatteries for portable applications and large 
batteries for electric vehicles claims for thin electrodes with high areal 
capacity (in mAh/cm
2
 units refereed to the geometrical area of the 
electrode) and electrodes with high power (good kinetics and energy 
density), respectively. The electrodeposition of tin-alloys or compounds 
on a planar metallic substrate is very promising for this purpose and 
consequently the use of foils of copper, titanium and nickel has been 
reported.
5
 However, the use of non-planar substrate may be more 
advantageous because of the higher area of the Co-Sn alloy that is 
exposed to the electrolyte solution can allow a good kinetic behaviour and 
high areal capacity. Thus, porous and rough metals also are being 
explored in the last years like substrate of tin alloys.
6
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Because of its cellular structure containing a large fraction of pores, we 
have thought that the metal foam may be a good substrate for depositing 
the tin-based alloy and to achieve high rate performance, high cyclability 
and large capacity. Thus, in this work we have used by first time open-type 
foam of nickel as substrate for the electrodeposition of CoSn2. The results 
that we report here confirm our initial hypothesis and reveal the 
exceptional properties of these electrode materials in comparison with the 
literature and with our own studies using other procedures and substrates 
for deposition of Co-Sn alloys. 
 
4.1.2 EXPERIMENTAL 
4.1.2.1 Synthesis and preparation of electrode 
materials 
To prepare Co-Sn alloy, tin and cobalt atoms were deposited using the 
co-electroplating method and an Agilent instrument. The 
co-electrodeposition was done on nickel foam (positive electrode) with 
rectangular shape and about 2 cm
2
 of geometrical area. The nickel foam 
initially with 1.6 mm thickness, 0.113 g/cm
2
 of mass per apparent area, 0.45 
g/cm
3
 bulk density and 95 % porosity was supplied by Goodfellow. The 
counter electrode was a Pt wire. The nickel substrate was firstly cleaned by 
washing in an ultrasonic bath with acetone and ethanol and after that it 
was dried in an oven. For the electrodeposition of tin-cobalt alloy, a nickel-
foam electrode was placed in a aqueous solution containing 25 g/l of 
SnCl2·2H2O, 25 g/l of CoCl2·6H2O, 300 g/l of K4P2O7 and 10 g/l of glycine 
and a current density of 35 or 65 mA/cm
2
 was imposed for 0.5-7 minutes. 
Glycine and pyrophosphate are used to complex the ions of tin and cobalt 
and to favour the simultaneous deposition of both elements. The resulting 
Co-Sn/Ni electrode was washed with deionised water and heated under 
vacuum at 200°C for 2 h prior to use in batteries. The annealing 
temperature (200°C) was imposed to remove water and to form of CoSn2. 
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In order to improve the adherence between the active material (Co-Sn 
alloy) and the nickel substrate which acts like current collector and to 
preserve the electrical contact upon cycling and to reduce the total 
thickness of the electrode, each electrode was pressed to 1 Tm prior to 
build the battery. 
4.1.2.2. Structural and morphological 
characterization 
The morphologies of the electrodes were examined with a scanning 
electron microscope (SEM) JSM6300 and using secondary electron 
images. The XRD patterns were recorded in a Siemens D5000 instrument 
with CuKα radiation and 0.04°/2θ-2 s steps.   
119Sn Mössbauer spectra were recorded in transmission mode using a 
Wissel instrument. The 
119
Sn isomer shift is refereed to BaSnO3 (δ=0.0 
mm/s). 
4.1.2.3. Electrochemical tests 
 The Co-Sn/Ni electrodes previously annealed at 200°C under vacuum 
were studied in lithium and sodium test cells. The lithium batteries were 
built of Swagelok-type cells, using Li as negative electrode, the CoSn/Ni 
material as positive electrode and Whatman papers as separator 
impregnated with the electrolyte solution. The electrolyte was a 1M 
solution of LiPF6 in a 50:50 wt. mixture of ethylene carbonate (EC) and 
diethylcarbonate (DEC) solvents.  The batteries were mounted in a glove 
box with Ar atmosphere. The electrode active mass (Co-Sn alloy) of the 
electrodes was determined by using ICP analysis. The electrochemical 
tests of discharge-charge were performed in a VMP instrument. For 
sodium test cells, 1 M NaPF6 in EC:DEC = 50:50 solvents mixture containing 
1 wt% of vinylene carbonate (VC) was used like electrolyte solution.  
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4.1.3 RESULTS AND DISCUSSION 
4.1.3.1. Microstruture and composition 
The selected SEM micrographs of the prepared electrodes are shown in 
Fig. 4.1.1. The pristine nickel substrate is a sort of network of 
interconnected and branched wires and forms the so-called open-cell 
foam (Fig. 4.1.1a). Each of these wires has a diameter of around 80 µm. The 
surface morphology of the electrode active material after 
electrodepositing Co-Sn alloy under different experimental conditions can 
be observed in Fig. 4.1.1b-f. For 65 mA/cm
2
 of current density, the 
deposited alloy is a film with a thickness in the order of 0.4-0.8 µm that 
covers the nickel substrate and that exhibits certain roughness and 
protuberances with micrometric size (Fig. 4.1.1b,c). This observed 
morphology follows the Stranski-Krastanov model of film 
electrodeposition. For this electrode, the resulting experimental atomic 
Sn/Co ratio obtained by using ICP analysis is 1.07 (Table 1). For 35 mA/cm
2 
of current density and 0.5 min of electrodepositon time, isolated alloy 
particles of ca. 0.5 µm of diameter are deposited on the nickel substrate 
(Fig. 4.1.1d) and, on the contrary to the electrodeposition with higher 
current density, an alloy film below these particles is not observed, thus 
following the Volmer-Weber model of electrodeposition (or island-type 
model). When the electrodeposition time is increased from 0.5 to 7 
minutes, the particles tend to agglomerate and to form a film with 
protuberances following the Stranski-Krastanov model (Fig. 4.1.1d,e,f). 
The morphology of obtained the Co-Sn/Ni electrode show the 
micrometric channels between the Co-Sn/nickel wires that are adequate 
for achieving easy penetration of the electrolyte solution and 
enhancement of the surface contact between the active material and the 
electrolyte solution. The thin-film character of the electrodeposited alloy 
provides short path length for diffusion of lithium ions in the solid 
electrode. Thus, this porous structure can be suitable for high power 
applications that require rapid discharges and charges and rapid 
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exchange of lithium between the electrode and the electrolyte solution. In 
addition, the pores of the foam can provide the space for volume 
expansion of the tin alloy during the reaction with lithium and avoid its 
pulverization upon repeated cycling. However, the amount of 
electrodeposited alloy should be controlled to avoid a too thick active 
material. For 35 mA/cm
2
 of current density the ICP results reveal that 
beyond 5 minutes of electrodeposition the relationship between masses 
and time deviate from the linearity (Fig. 4.1.2), and that the experimental 
x-value in CoSnx tends to decrease when the electrodeposition time 
increases (Table 1). Consequently, low current density and short 
anodization time favour the higher x-value in the resulting CoSnx alloy.   
Table 1 ICP results for the compositions of the electrodes obtained under different 
electrodeposition conditions (current density and electrodeposition time). 
Current density, 
mA/cm2 
Time, min Sn/Co atomic ratio 
35 0.5 1.75 
35 2 1.70 
35 5 1.05 
35 7 1.29 
65 5 1.07 
 
In order to remove water traces, to increase the adherence between the 
Co-Sn alloy and the Ni-substrate and to improve the electrochemistry the 
electrodes were annealed at 200°C under vacuum.  After annealing at 
200°C the XRD patterns of Co-Sn/Ni electrodes (Fig. 4.1.3) reveal that, 
besides the Bragg reflections of the Ni substrate (ICDD file nº 04-0850), 
CoSn2 phase (s.g. I4/mcm and ICDD file n° 25-256) is detected. The 
reflections relative intensity of the intermetallic phase CoSn2 with respect 
to the Ni substrate reflections increases with electrodeposition time. The 
presence of amorphous Co-Sn alloy cannot be discarded. Thus, the alloys 
with composition nearly CoSn exhibit strong tendency to remain 
amorphous.
3
 Since the electrodes exhibit XRD patterns of crystalline 
CoSn2, according to the obtained compositions the relative amount of 
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amorphous CoSnx alloy with x<2 would tend to increase with the 
electrodeposition time. 
 
Fig.4.1.1 Selected SEM micrographs of electrodes. (a) Nickel foam before electrodeposition of 
cobalt and tin. (b, c) After electrodeposition of Co-Sn alloy with current density of 65 mA/cm2 during 
5 minutes. After electrodeposition of Co-Sn alloy for current density of 35 mA/cm2 during 0.5 
minutes (d), 5 minutes (e) and 7 minutes (f). 
The 
119Sn Mössbauer spectrum of the electrodeposited Co-Sn alloy was 
fitted with a doublet (Fig. 4.1.4). The resulting hyperfine parameters are: 
isomer shift δ=2.21(3) mm/s, quadrupole splitting Δ=0.82(4) mm/s and 
line broadening Γ=1.22(7) mm/s. These parameters agree well with those 
corresponding to CoSn2.
7
 Tin oxide is not detected.  
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Fig. 4.1.2  Change in the amount of cobalt and tin electrodeposited on nickel foam for 
variable time and fixed current density of 35 mA/cm2. 
Fig. 4.1.3  XRD patterns of electrode material based on nickel foam, before (a) and (b-d) after 
deposition of Co-Sn alloy and heating to 200°C under vacuum. Electrodeposition: 35 mA/cm2 
during 0.5-7 minutes. 
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Fig 4.1.4 119Sn Mössbauer spectrum for CoSn alloy electrodeposited on Ni foam and heated to 
200°C. Electrodeposition conditions: 35 mA/cm2 for 5 min 
 
We previously reported that nanoparticles of CoSn2 are oxidized even 
under Ar-flow with traces of oxygen at about 300°C.8 
4.1.3.2. Electrochemistry in lithium cell 
Having in mind their potential use in lithium micobatteries, it is important 
to evaluate the apparent areal capacity of the electrodes.
9,10
 The areal 
capacity value measured in the second and third discharge in Li cell 
increases linearly with the time of alloy electrodeposition (Fig. 4.1.5), as 
expected due to the increase of the amount of deposited tin and 
irrespectively of the changes in the Sn/Co ratio and morphology. 
Besides the initial capacity, the cycling performance has been explored. 
The electrochemical cycling experiments reveal the good performance of 
these electrode materials even at high rate. 
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The electrode obtained by Co-Sn electrodeposition at 65 mA/cm
2
 during 
5 minutes was cycled at slow (0.1 mA/cm
2
 of current density) and rapid (up 
to 0.7 mA/cm
2
) kinetics (Fig. 4.1.6). At slow rate the reversible areal 
capacity is very high (around 5.5 mAh/cm
2
). At higher kinetics the resulting 
capacity value is still important: in the order of 2 mAh/cm
2
 at 0.5 mA/cm
2
 
and around 1.4 mAh/cm
2
 at 0.7 mA/cm
2
. It is worth to note that in the 
literature of microbatteries frequently the reported capacity values are in 
the order of µAh/cm2. Like a drawback, the irreversible consumption of 
lithium after the initial discharge may be a problem for commercial 
batteries, but this irreversible capacity decreases at high kinetics (Fig. 
4.1.6). Apparently, the cycling stability tends to be poorer for slower 
kinetics. Probably, the slow kinetics let that more lithium alloys with tin, 
changing the particle volume and thus worsening the electrode stability.  
Fig. 4.1.5  Areal capacity as function of electrodeposition time. Current density for Co-Sn 
electrodeposition: 35 mA/cm2. Current density in Li cell: 0.1 mA/cm2. Potential limit in lithium cell: 
0.01-1.0 V. 
 
The voltage-capacity plots and the corresponding derivative curves are 
shown in Fig. 4.1.7. The main discharge peak is placed at 0.17 V in the first 
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discharge, at ca. 0.36 V in the second discharge and at 0.35 V after fifty 
cycles. In addition, the profile of the discharge becomes more broadened 
on cycling. The removal of lithium from the alloy (charge process) drives 
to peaks in the derivative plots at 0.61 V (main peak) and at about 0.48 V 
(minor peak). The position of the peaks and their relatively broadened 
character suggest that during the first discharge LixSn phases are formed 
and cobalt atoms are displaced from the initial alloy, while with further 
cycling the cobalt atoms interact with the LixSn alloy and prevent the grain 
growth and crystallization of the LixSn phases.  
Fig. 4.1.6   Areal capacity values as a function of cycle number for CoSn/Ni electrode in lithium 
cells under several current densities. Cycling potential limits: 0.0-1.0 V. Electrodeposition: 65 
mA/cm2 during 5 minutes. 
 
For Co-Sn electrodes obtained at 35 mA/cm
2
, variable current density 
values were used for cycling (Fig. 4.1.8). The longer electrodeposition 
times involve initially higher areal capacity values, as expected because of 
the more mass of active material per apparent area. The sample obtained 
with 7 minutes of electrodeposition time exhibits the stronger capacity 
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Fig. 4.1.7  (A) Potential-capacity plot and (B)  the corresponding derivative plot for cycle number 1, 
2 and 50. Cycling current density: 0.5 mA/cm2. Cobalt-tin electrodeposition conditions: 65 mA/cm2 
of current density applied during 5 minutes. 
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Fig. 4.1.8  Areal (A) and gravimetric (B) capacity values as a function of cycle number for Co-Sn 
(35 mA/cm2)/Ni electrodes in lithium test cell. Cycling conditions: variable current density (from 0.1 
to 0.7 mA/cm2) and fixed potential range (0.0-1.0 V). 
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fade upon cycling. The film deposited for a short time (0.5 min) and having 
isolated CoSn2 particles on the Ni substrate (Volmer-Weber model) 
exhibits little decrease of the capacity when the imposed current density 
is increased in comparison with films electrodeposited during further time. 
In addition, this electrode shows the higher gravimetric capacity (about 
800 mAh/g), and the values found here are higher than other previously 
found in the literature for Co-Sn alloy films.
5,6
 A drawback of this electrode 
is a low coulombic efficiency of the second to first discharge process 
(46%). The reason for this fact may be that for isolated submicrometric 
particles comparatively more surface area of the active material is exposed 
to the electrolyte solution and irreversible electrolyte consumption is 
comparatively more extended. As a  solution of compromise for taking 
into account all these parameters, it seems that the electrodepositon times 
of 2-5 minutes deliver electrodes with both good gravimetric (about 700 
mAh/g) and areal capacity (0.6-1.2 mAh/cm
2
) values, acceptable initial 
coulombic efficiencies (64-80%), good cycling stability and good response 
to high rates. 
In conclusion, the optimization of the electrodeposition conditions and 
the substrate (three-dimensional framework of nickel foam) can let to 
obtain films of Co-Sn alloys and compounds (e.g. CoSn2) with both 
gravimetric and areal capacity values which are very promising for lithium 
ion batteries, particularly at high rates. 
4.1.3.3. Electrochemistry in sodium cell 
As an alternative to lithium batteries and having in mind that sodium can 
alloy with tin,
11
 we have explored the electrochemistry of the Co-Sn/Ni 
electrode in sodium cell (Fig. 4.1.9). The initial coulombic efficiency is only 
31% and the reversible capacity is about 48 µAh/cm2. These results show 
that for these electrodes: (1) irreversible sodium consumption is 
extensively produced in the first discharge and consequently the 
electrolyte composition should be improved and (2) the Na-Sn 
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electrochemical alloying process is more limited than Li-Sn even at slow 
rate. Another problem would be that the average voltage (about 1.0 V) is 
too high. If the cycling voltage of this electrode was altered, the resulting 
capacity retention on cycling was affected like is usually found for other 
non-carbonaceous electrode materials in sodium cells.
12
 However, 
irrespectively of our preliminary results, perhaps the morphology and 
composition of electrodeposited tin alloys may be further optimized in 
future works for using in sodium ion batteries. 
 
 4.1.4. CONCLUSIONS 
The electrodeposition of cobalt and tin on nickel foam under the optimum 
experimental conditions favours the formation of a micrometric film of 
amorphous Co-Sn alloy and then CoSn2 is formed after annealing to 
200°C. Taking into account both areal and gravimetric capacity values, and 
the cycling performance, the electrochemical properties of this electrode 
material in lithium batteries are excellent. Particularly, the 
electrodeposited films with isolated particles of CoSn2 on Ni foam 
substrate show high specific capacity values (about 800 mAh/g) and very 
good response to high rates, but this is achieved at the expense of lower 
areal capacity values. The main drawbacks may be the cost, the initial 
coulombic efficiency and the volumetric capacity of the whole electrode 
including the pore volume. The use of open-type foam of metals as 
substrate for the electrodeposition of tin-based alloys is more promising 
than the use of flat substrates and opens very exciting perspectives for 
enhancing the power of the lithium ion and sodium batteries.  
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Fig. 4.1.9  Electrochemical behaviour for Co-Sn (35 mA/cm2-5 min)/Ni electrode in sodium test cell. 
(A) Potential-capacity plot for the first two cycles. (B) Areal capacity as a function of cycle number. 
Cycling conditions: current density = 0.05 mA/cm2 and fixed potential range (0.1-3.0 V). 
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5.1 RESUMEN 
Según los objetivos de la presente tesis, y de acuerdo con los resultados 
obtenidos, el trabajo aquí desarrollado nos permite obtener las 
siguientes conclusiones acerca de los materiales obtenidos, los métodos 
de síntesis aplicados y la posible utilización de los mismos en las 
tecnologías para el almacenamiento energético por vía electroquímica.  
El método sonoquímico se muestra como un modelo de síntesis muy 
adecuado para la obtención de nanocomposites formados por 
nanopartículas de aleación CoSn, o de FeOOH, y matrices carbonosas 
como grafito ultrafino exfoliado u óxido de grafeno reducido (OGR). 
Estos soportes carbonosos aportan propiedades altamente beneficiosas 
para el acomodamiento de las expansiones volumétricas durante el 
ciclado, así como para un eficaz transporte electrónico, ya que mejoran 
considerablemente la conductividad del material (composite) como 
muestra la caracterización electroquímica de los mismos (ciclado 
galvanostático con límites de potencial, espectroscopía de impedancia 
electroquímica). El óxido de grafeno reducido, en este caso obtenido por 
el método de Brodie y reducción térmica se muestra como un sustrato 
ideal para este tipo de aplicaciones.  Se demuestra, a la vista de los 
resultados de resonancia paramagnética electrónica, microscopías 
electrónicas, espectroscopías Mössbauer y de fotoelectrones de rayos X, 
que a través de este método es posible el anclaje de dichas 
nanopartículas a los sustratos carbonosos presentes en la síntesis, a 
través de interacciones físico-químicas, ofreciendo un contacto estable 
entre partículas y sustrato. A todo esto debe añadirse la capacidad del 
método sonoquímico de producir una importante reducción de tamaño 
y una distribución de partículas altamente homogénea sobre el sustrato, 
evitando la aglomeración y formación de macropartículas que pudiesen 
reducir la superficie efectiva en contacto con el electrolito para permitir 
Capítulo 5. Resumen y Conclusiones Finales 2015 
 
244 
Nanomateriales estructurados obtenidos mediante electroquímica y 
sonoquímica y su aplicación como electrodos de baterías de iones alcalinos 
 
la difusión del litio o la pérdida de contacto eléctrico con el sustrato. Uno 
de los factores primordiales que permite a estos nanomateriales verse 
afectados mínimamente en su estructura durante los procesos de carga y 
descarga, es su grado de amorfismo, íntimamente ligado a los procesos 
de cavitación acústica utilizados en la síntesis, como se comenta en la 
introducción. Dicho amorfismo se corresponde con la ausencia de picos 
cristalinos en los difractogramas de rayos X de las muestras, así como en 
la ausencia de franjas en las micrografías de transmisión de alta 
resolución o puntos en la difracción de electrones de área seleccionada. 
La combinación sinérgica de dichas propiedades permite obtener 
capacidades y estabilidad muy superiores a las de los materiales masivos, 
o incluso de los materiales nanométricos por separado sin formar un 
composite.  
Independientemente de los mecanismos de reacción de los materiales 
activos frente al litio, los efectos sinérgicos antes mencionados se 
muestran de forma evidente. En la reacción de aleación de litio con el 
estaño procedente del composite CoSn-grafito, según el análisis de 
DRX-ex situ, no se forman partículas de LixSn de alta cristalinidad ni en la 
primera descarga ni en las sucesivas, de manera que los núcleos iniciales 
pasan a amorfizarse y permanecen dispersos y amorfos como aleación 
LixSn-Co, reteniendo bien la capacidad durante más de 450 ciclos.  
Por otra parte para el composite FeOOH-OGR, donde las nanopartículas 
de FeOOH amorfo están ancladas al óxido de grafeno reducido (OGR), la 
reacción con litio produce la reducción reversible de hierro y la 
formación también reversible de Li2O, permaneciendo amorfas y 
permitiendo así un ciclado estable y una capacidad de más de 400 
mAh/g tras 200 ciclos a una corriente de 100 mA/g. Este efecto de 
anclado se evidencia tras comparar el comportamiento electroquímico 
con un material obtenido con una síntesis idéntica a excepción de la 
aplicación de ultrasonidos de alta intensidad. El material obtenido en 
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ausencia de radiación ultrasónica presenta una capacidad inferior al 
composite ultrasonicado y una retención muy reducida de la capacidad 
reversible, probablemente debido a la aglomeración de las partículas de 
FeOOH, no ancladas al sustrato grafénico, reduciendo sensiblemente la 
cantidad de superficie de material activo expuesta al electrolito. El 
composite, que presenta difractogramas de rayos X carentes de picos 
definidos, muestra a su vez un espectro Mössbauer sin diferencias 
significativas con aquellos obtenidos para el β-FeOOH. La resonancia 
paramagnética electrónica revela la existencia de iones Fe3+ anclados al 
OGR para el composite sintetizado con menor cantidad de hierro (25% 
de óxido de hierro); mientras que con una mayor cantidad de hierro (66% 
de óxido de hierro) existen nanopartículas de FeOOH con unos 4 nm de 
diámetro que están ancladas al sustrato de OGR. El uso de nuevos 
aglomerantes como el polímero poliacrilato de litio (LiPAA) contribuye 
de forma excelente a la dispersión de las nanopartículas evitando su 
aglomeración durante el ciclado y mejorando así las propiedades del 
composite como material activo. También la utilización de colectores de 
corriente tridimensionales como espumas” y “mallas” metálicas 
incrementan en gran medida las capacidades reversibles obtenidas por 
dichos composites, posiblemente debido al incremento de la superficie 
de contacto del material con el electrolito, mejorando la reactividad e 
incrementando la accesibilidad del litio a todo el composite depositado. 
Cuando el composite FeOOH-OGR se deposita sobre espuma de níquel, 
este electrodo permite la obtención de una capacidad reversible de 1200 
mAh/g. Este tipo de colectores abren un camino muy interesante al 
diseño de electrodos tridimensionales que puedan permitir elevar aún 
más las capacidades y energías específicas de las futuras baterías 
ofreciendo un mejor empaquetamiento y aprovechamiento de 
materiales y espacio.  
Existen pocas técnicas electroquímicas con aplicación a la industria más 
extendidas que la anodización de metales. La oxidación electroquímica 
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controlada del titanio en presencia de iones fluoruro produce una capa 
de óxido que en lugar de ser compacta y de tan sólo unos nanómetros 
de espesor, presenta una morfología de nanotubos auto-organizados 
cuya geometría se observa es controlable y ajustable en función de 
diversos parámetros experimentales. Este posible ajuste permite obtener 
óxidos nanoestructurados con propiedades macroscópicas “a la carta” 
ya que éstas son dependientes de dichas características geométricas en 
la nanoescala. Se observó que parámetros como la longitud y el 
diámetro de los nanotubos dependen de factores experimentales, tales 
como el tiempo de anodización y el voltaje aplicado. Así, la variación de 
la longitud de los nanotubos (espesor de la capa de óxido) en función del 
tiempo se ajusta claramente a una función parabólica. También el voltaje 
influye proporcionalmente en la constante cinética de la ley parabólica, 
permitiendo obtener nanotubos más largos al aumentar el potencial 
para un mismo periodo de tiempo. También se observa que el diámetro 
de los tubos obtenidos es proporcional al potencial aplicado. 
Los nanotubos auto-organizados recién preparados por vía 
electroquímica presentan una estructura amorfa según DRX, pero dicha 
estructura puede modificarse a través de tratamientos térmicos 
convencionales permitiendo conseguir un polimorfo concreto del TiO2 
(anatasa, rutilo…) o incluso una mezcla de varios. En este trabajo, los 
nanotubos de TiO2 estudiados, amorfos y de estructura anatasa, 
muestran un comportamiento electroquímico inicialmente satisfactorio 
frente a litio y sodio, que ha sido posteriormente mejorado mediante la 
variación de su geometría y grado de cristalinidad. 
La combinación de la anodización de titano y la aplicación de 
ultrasonidos de alta intensidad proporciona un incremento de la 
longitud de los nanotubos para un mismo tiempo de anodización, 
reduciendo la duración del proceso de síntesis de un espesor de óxido 
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determinado aproximadamente en un 75% y manteniendo la naturaleza 
amorfa del óxido obtenido.  
La geometría tridimensional del conjunto de los nanotubos 
auto-organizados conectados al sustrato de titanio metálico conforma 
un electrodo con superficie muy alta y que no necesita el uso de 
aglutinantes ni aditivos conductores. Las capacidades por unidad de área 
obtenidas frente a litio para dichos electrodos son muy altas, pero de 
manera similar al crecimiento, la capacidad reversible obtenida de los 
nanotubos no sigue una proporcionalidad lineal respecto de la longitud 
de los mismos, sino que parece ajustarse a una función potencial. Este 
hecho se relaciona con la mayor cantidad de defectos detectados en los 
nanotubos más largos a través de EPR (antes y después del tratamiento 
térmico), así como con la probabilidad de existencia de mayor cantidad 
de grupos hidroxilo y posible agua o restos de electrolito atrapados en 
los nanotubos amorfos de gran longitud, que pudieran contribuir a un 
consumo irreversible de litio. Las mayores distancias de difusión y peor 
conductividad iónica para los nanotubos de mayor longitud contribuyen 
también notablemente en el detrimento de las capacidades 
gravimétricas de dichos electrodos, por lo que se estima una longitud 
óptima para los nanotubos de 30-70 µm en la que se encuentra un 
máximo para ambas capacidades gravimétrica y por unidad de área 
simultáneamente (con valores máximos factibles entre 2-4 mAh/cm2). 
Incluso en ese rango, las eficiencias coulómbicas iniciales de los 
nanotubos amorfos siguen siendo relativamente bajas (68-55 %), pero 
esto podría mejorarse con tratamientos superficiales o eliminando de 
alguna forma el agua y los grupos hidroxilo (el tratamiento térmico 
modifica la estructura). El potencial de anodización con el que es posible 
modificar el diámetro de los nanotubos amorfos no parece tener un 
efecto trascendente en las capacidades reversibles o irreversibles 
obtenidas frente a litio, aunque el incremento de superficie efectiva 
podría conllevar una mayor irreversibilidad inicial por la formación de 
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una interfase electrodo sólido-electrolito (con iniciales en inglés SEI) de 
mayor extensión.  
El ciclado del óxido de titanio amorfo frente a sodio se muestra 
significativamente más sensible a la limitación de voltaje aplicada que en 
el caso de Li. También los parámetros geométricos parecen afectar más 
intensamente en el caso de las baterías de sodio, probablemente debido 
al mecanismo de reacción que gobierna las reacciones entre TiO2 y Na 
con importante contribución pseudocapacitiva y, por lo tanto, 
íntimamente relacionado con la superficie específica y su reactividad. 
Debido a esto las capacidades reversibles frente al Na obtenidas para 
nanotubos amorfos de unos 70 µm son ligeramente superiores a las 
obtenidas para 200 µm (160-106 mAh/g), por lo que se observa que las 
mayores distancias de difusión y la reactividad de la superficie son de 
gran importancia.  
Los datos obtenidos hasta ahora acerca del mecanismo de reacción de 
los nanotubos frente a sodio, en el que la superficie específica representa 
un papel muy importante así como la longitud, nos inclina hacia la 
síntesis de nanotubos de diámetros elevados producidos a 100 V y con 
las longitudes consideradas óptimas, con la intención de ofrecer mayores 
espacios para la penetración del catión alcalino y observar el efecto de la 
modificación de la estructura cristalina. Cuando el tratamiento térmico se 
realiza a una temperatura de 550ºC, se evita la formación de fase rutilo y 
la estructura obtenida es del tipo anatasa de alta cristalinidad. Se 
observa, gracias a las medidas de DRX y HRTEM, que las paredes de los 
nanotubos están compuestas de nanocristales con una cierta orientación 
preferencial. Dichos nanodominios se conservan tras la reacción 
electroquímica frente al sodio. Del análisis del exponente (parámetro b) 
de la velocidad de barrido en la expresión de la intensidad de corriente 
en voltametría cíclica, puede concluirse que la interacción superficial de 
los nanotubos de anatasa frente a sodio presenta también una mayor 
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contribución a la capacidad total obtenida, que en el caso de la reacción 
frente a litio, mayormente basada en reacciones de tipo faradaico 
(inserción) en la que nuevas fases de LixTiO2 (α-TiO2  β-Li0.5TiO2  
γ -LiTiO2) se forman de manera reversible. En valores de potencial 
inferiores a 0.3 V vs Na/Na
+
 la alta reactividad de las paredes de los 
nanotubos de anatasa con orientación preferencial parecen ser 
responsables de reacciones de consumo irreversible de Na 
probablemente debidas a descomposición del electrolito sobre ellas. 
Estos platós extendidos a bajo voltaje no aparecen en las celdas de 
nanotubos amorfos frente a Na, ni en las de anatasa o nt-TiO2 amorfo 
frente a Li.  
A la luz de los espectros RMN de 
23
Na de los nanotubos de anatasa 
sodiados, pueden diferenciarse dos tipos de entorno local para el sodio. 
Iones sodio de alta movilidad probablemente pertenecientes a la 
descomposición irreversible del electrolito en la superficie de los 
nanotubos e iones sodio con movilidad reducida en las paredes de éstos. 
No se detectan interacciones paramagnéticas fuertes (Na+/Ti3+) por lo 
que la reacción de inserción queda descartada en este caso, concluyendo 
finalmente que la interacción entre sodio y anatasa tiene lugar 
principalmente a través de reacciones pseudocapacitivas o procesos 
meramente superficiales. 
Queda patente la importancia de la superficie de los nanotubos auto-
organizados amorfos y en mayor medida para los de estructura anatasa 
en las interacciones frente a los cationes alcalinos, principalmente frente 
a sodio. Teniendo en cuenta la posibilidad existente para la modificación 
de geometría y cristalinidad de las arquitecturas auto-organizadas de nt-
TiO2, y debido a la relación que estos parámetros tienen con la capacidad 
obtenida, modificamos el método de síntesis para producir una 
alteración efectiva en la geometría de la capa de óxido resultante y 
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comprobamos si estas modificaciones repercuten en las interacciones 
frente a los iones alcalinos.  
Sorprendentemente, la anodización con voltaje variable produce una 
modificación en las condiciones de formación de la nanoarquitectura. Las 
velocidades de difusión de los iones, el flujo plástico del óxido formado y 
la relación de velocidades de  formación/disolución del mismo, son 
todos dependientes del campo eléctrico aplicado (en este caso 
creciente), y esto probablemente produce un gradiente de 
concentraciones de los iones fluoruro, titanio y óxido a lo largo del 
grosor de las paredes de los nanotubos e influye en el coeficiente de 
expansión de Pilling-Bedworth. De tal manera, diferentes velocidades de 
expansión producen tensiones superficiales que conducen a la 
separación, por fractura y disolución, de las paredes de los nanotubos. 
Dicha separación proporciona una configuración de dos nanotubos 
concéntricos de grosores distintos, elevando notablemente la superficie 
efectiva del electrodo obtenido (hasta un 225 %), como se comprueba en 
las micrografías de transmisión y barrido. En comparación con los 
nanotubos de anatasa obtenidos a 100V de potencial constante durante 
120 minutos (67 µm de longitud, 90 nm de diámetro de poro y 30 nm de 
grosor de pared) los nt-anatasa obtenidos bajo potencial variable 
creciente desde 20 V hasta alcanzar los 100 V durante el mismo tiempo, 
muestran características geométricas distintas (6 µm de longitud, poro 
central de 40 nm, pared de nanotubo interior de 45 nm de grosor, 
espacio entre paredes concéntricas de 10 nm y pared de nanotubo 
exterior de 20 nm de grosor) incrementando en éstos el ratio superficie-
volumen. 
Del análisis de resonancia paramagnética electrónica se desprende que 
los nanotubos de pared simple contienen una gran cantidad de defectos 
estructurales que permanecen incluso después del tratamiento térmico a 
550ºC, comparado con los nanotubos de pared doble. Los defectos 
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superficiales que ambos tipos contienen en estado amorfo son debidos a 
formación de TiO2-xF2x y son eliminados durante el proceso de 
cristalización a fase anatasa. 
Las capacidades específicas de los materiales, obtenidas durante ciclados 
galvanostáticos, se comparan entre sí una vez normalizadas por unidad 
de superficie y unidad de longitud (µAh cm-2 µm-1) para obtener una 
información fehaciente acerca de cómo las características geométricas 
influyen en las capacidades obtenidas. En el caso del Li, las capacidades 
normalizadas obtenidas con los DWANT (del inglés nanotubos de 
anatasa de doble pared) se muestra superior a los SWANT (nanotubos de 
anatasa de pared simple) debido probablemente a una serie de factores 
importantes. La menor longitud de los DWANT ofrece mayor rigidez de 
contacto con el sustrato, así como menor cantidad de impurezas y 
defectos estructurales que facilitan la inserción del Li. La mayor superficie 
en contacto con el electrolito ofrecida por los DWANT así como las 
menores distancias de difusión implícitas a la geometría concéntrica 
también podrían influir notablemente. Del mismo modo, las 
características geométricas del electrodo DWANT parecen incrementar, a 
la luz el análisis del parámetro electroquímico b, los procesos 
pseudocapacitivos y el rango de potencial en que éstos se producen, de 
forma que la capacidad total se vea incrementada adicionalmente a la 
obtenida en los procesos de inserción. En las baterías frente a Na, la 
morfología especial del electrodo DWANT, en la que se mejora 
notablemente el contacto con el electrolito líquido, se incrementa 
también la capacidad específica desarrollada, probablemente debido a 
una menor reactividad superficial derivada de la nueva morfología, 
permitiendo un límite inferior de voltaje de 0.01 V. Análisis 23Na RMN de 
electrodos post mortem muestran diferencias entre los entornos locales 
para el sodio entre DWANT y SWANT en estado de descarga total. 
Dichas diferencias pueden atribuirse a una mejor movilidad de los iones 
en los nanotubos de doble pared. A través de la difracción de electrones 
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de dichos electrodos se evidencia la aparición de NaTi8O13 en una 
pequeña proporción mientras que la estructura anatasa de los 
nanotubos permanece inalterada. La formación del titanato de sodio no 
contribuye de forma significativa a la mayor capacidad de estos 
electrodos. Los datos del análisis EDS revelan una relación Na/Ti de 2/3 y 
evidencian la descomposición superficial del electrolito NaPF6 al hallarse 
una relación F/P menor que 6. En definitiva la morfología de doble pared 
incrementa la cantidad de anatasa accesible al electrolito mejorando los 
procesos de reducción superficiales de Ti4+ a Ti3+, entre otros factores 
anteriormente descritos, y elevando así la capacidad específica obtenida.  
Las conclusiones obtenidas hasta ahora acerca de cómo la 
nanoestructuración y morfología de las partículas de anatasa influyen 
notablemente en la capacidad de reacción frente a los iones alcalinos en 
baterías con electrolitos orgánicos, pueden extenderse a las que usan 
electrolitos en base acuosa. De esta forma, se procede a la optimización 
de los nanotubos auto-organizados en dichas baterías, haciendo mayor 
hincapié en las relativas al ion sodio. Inicialmente se observa que los 
nanotubos amorfos obtenidos por anodización a potencial constante 
muestran una capacidad limitada para la inserción de litio en disolución 
acuosa (LiOH, LiCl) y mayores irreversibilidades que en el caso de los 
nanotubos de anatasa. Sucesivas pruebas electroquímicas desvelan 
también que el voltaje inferior de corte impuesto en el caso de anatasa 
puede ser mayor que para TiO2 amorfo incrementando de esta manera la 
eficiencia coulómbica y la reversibilidad del proceso en las baterías 
resultantes al disminuir la contribución de la evolución de hidrógeno o la 
intercalación de protones. Teniendo todo esto en cuenta y aplicándolo a 
las baterías acuosas de sodio, se comprueba que para este catión de 
mayor tamaño, es aún más importante la optimización de la morfología 
del TiO2 y encontramos en los nanotubos obtenidos por anodización con 
voltaje variable, en este caso descendente desde 120 V hasta 40 V, un 
comportamiento mejorado en las reacciones reversibles de dicho 
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material de electrodo en baterías acuosas basadas en sodio. La presencia 
de un pico de oxidación en los voltamogramas de dicho material en 
disolución acuosa de NaCl evidencia claramente la mejora que presenta 
frente a nanotubos obtenidos mediante otros métodos. Dicha mejora se 
atribuye a una microestructura diferente debida a los parámetros de 
anodización con voltaje variable descendente que producen nanotubos 
auto-organizados con configuración de doble pared y un poro interior 
de diámetro elevado (c.a. 100 nm). Este material libera capacidades por 
encima de 100 mAh/g después de 100 ciclos con eficiencias en torno al 
65 % en celdas acuosas de sodio. Una mejor comprensión de los 
mecanismos de reacción y posible mejora del electrolito podrían hacer a 
esta tecnología más adecuada para baterías acuosas de ion sodio de alta 
energía. 
Un método también altamente extendido en la industria es sin duda 
alguna el de la electrodeposición. A través de esta síntesis 
electroquímica se ha conseguido co-depositar Co y Sn en forma de una 
aleación amorfa, que posteriormente pasa a la fase CoSn2 según DRX y 
espectroscopía Mössbauer a través de tratamiento térmico a 200ºC. El 
sustrato metálico (que hará también las veces de colector de corriente) 
utilizado en este caso es la espuma de níquel, con una superficie 
específica alta debida a su morfología porosa, con la intención de 
incrementar la accesibilidad del electrolito al material activo y así 
promover un funcionamiento óptimo del electrodo incluso a cinéticas 
muy elevadas, mejorando la ciclabilidad y elevando la capacidad. Los 
parámetros utilizados durante la síntesis permiten controlar el tipo de 
depósito obtenido, de manera que tanto los tamaños de los núcleos (que 
se forman siguiendo distintos modelos bien conocidos en función de 
tiempos y densidades de corriente utilizadas) como la composición de 
los mismos puedan ser escogidos. El carácter de capa fina obtenido en 
los depósitos de la aleación le confiere cualidades óptimas para la rápida 
difusión del litio desde el electrolito hasta la mayor parte del material 
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activo y aporta el espacio necesario para soportar las expansiones de la 
aleación durante los procesos de litiación. De esta forma, el análisis del 
ciclado electroquímico de los electrodos obtenidos bajo parámetros de 
electrodeposición diferentes en celdas de litio revela un comportamiento 
excelente incluso a elevadas densidades de corriente. Sin embargo, la 
cantidad de material depositado ejerce una acción a tener en cuenta a 
efectos de estabilidad, retención de carga y capacidad gravimétrica de 
los electrodos, de tal manera que se muestra superior en todos los 
apartados el depósito en núcleos aislados que sigue el modelo de 
Volmer-Weber (800 mAh/g). Por otra parte, este último presenta 
mayores valores de capacidad irreversible probablemente debido al 
consumo irreversible de electrolito en la mayor superficie expuesta de los 
núcleos aislados. En conclusión, la optimización del proceso de 
electrodeposición y la utilización de este tipo de sustratos metálicos 
permiten obtener electrodos con excelente comportamiento 
electroquímico y altas capacidades gravimétricas y por unidad de área. 
En el caso del comportamiento en baterías de sodio, se comprueba que 
en estos electrodos el consumo irreversible de electrolito es demasiado 
elevado. Añadido esto a la imposibilidad de desplazar los potenciales 
para evitar dicha irreversibilidad y a la aparentemente reducida habilidad 
del sodio para formar aleación con el estaño en estas condiciones, se 
sugiere la necesidad del desarrollo de electrolitos y/o morfologías 
optimizados para suprimir estos inconvenientes.  
 
5.2 Summary 
According to the objectives of this thesis, and the obtained results, the 
work developed here allows us to draw conclusions about the obtained 
materials, applied synthesis methods and their possible application in 
technologies for electrochemical energy storage. 
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The sonochemical method proves to be an easily scalable low-
temperature synthesis model, highly efficient and excellent for obtaining 
nanocomposites. Formed by alloy nanoparticles of CoSn or FeOOH, and 
carbonaceous matrices like ultrafine exfoliated graphite or reduced 
graphene oxide (RGO), such morphology can be observed in the 
scanning and transmission micrographs. Such carbonaceous support 
provides highly beneficial properties for the buffering of volumetric 
expansions during cycling as well as for an efficient electronic transport, 
so that the material (composite) conductivity gets greatly improved. This 
is provided by the electrochemical characterization of the samples 
(galvanostatic cycling with potential limitation, electrochemical 
impedance spectroscopy). Reduced graphene oxide, in this case 
obtained by the Brodie method combined with thermal reduction, is 
shown as an ideal substrate for this sort of applications. 
It is demonstrated, in the light of electron paramagnetic resonance, 
Mössbauer spectroscopy and X-ray photoelectron spectroscopy results, 
that through this method it is possible to anchor, by means of physical 
chemical interactions, any nanoparticle on the surface of the carbon 
matrices when used as a substrate. Such anchoring produces an intimate 
and stable contact between nanoparticles and substrate. All these must 
be added to the fact that sonochemistry greatly promotes the particle 
size reduction and enhances the dispersion of particles onto the 
substrate. This way, acoustic cavitation avoids the agglomeration in 
bigger particles which could reduce the effective surface in contact with 
the electrolyte that allows diffusion of lithium and electron transport 
through the substrate. Also, one of the most important characteristics 
that permit these materials to remain unchanged during the cycling 
process is their amorphous nature, which is related to the acoustic 
cavitation phenomena applied during the synthesis. The amorphous 
nature matches with the absence of crystalline peaks in the XRD patterns, 
fringes on HRTEM images or clear points on SAED images. The 
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synergistic combination of all these properties promotes better stabilities 
and higher capacities than in the bulk materials, even better than in the 
nanometric materials by themselves, whenever they do not form a 
composite. 
Independently of the reaction mechanisms of the active materials against 
lithium, the synergistic effects already mentioned are evidently shown: 
alloy reactions such as Li-Sn in the CoSn-graphite composite, where 
according to the ex situ-XRD analysis there is no aggregation of LixSn in 
the first discharge, and in successive discharges the small LixSn become 
amorphous and dispersed as LixSn-Co allowing high capacities, stability 
and capacity retention. On the other hand, a conversion reaction occurs 
between lithium and FeOOH-RGO composite, where the nanoparticles of 
the amorphous oxyhydroxide are anchored on the RGO and react with 
lithium to reversibly reduce Fe and form Li2O. Thus, the nanoparticles 
stay amorphous and allow a stable cycling and capacities higher than 400 
mAh/g after 200 cycles with 100 mA/g of current density. This anchoring 
effect is evidenced after comparison of the electrochemical behavior of 
an obtained material with exactly the same synthesis method but the 
high intensity ultrasonication. The material which is synthesized without 
ultrasounds shows a lower capacity than that of the sonicated composite 
and very poor capacity retention, probably due to FeOOH particles 
agglomeration since they are not anchored to the substrate. Although 
the sonicated composite does not exhibit defined XRD peaks, the 
obtained Mössbauer spectrum for this sample has no significant 
differences with those obtained for akaganeite. From XPS results, the 
simultaneous bonding of oxygen atoms with iron and carbon atoms can 
be observed, in good agreement with the anchoring of amorphous 
nanoparticles to the surface of the carbonaceous substrate. A non-
stoichiometric composition of surface iron oxide can be inferred as well 
from XPS, in good agreement with the presence of amorphous iron 
oxyhydroxide. Electron paramagnetic resonance unveils the existence of 
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Fe
3+
 species octahedrally coordinated anchored to the graphene surface 
in the composite with low quantity of iron oxide (25%) whilst the one 
with higher quantity of iron oxide (66%) shows FeOOH nanoparticles 
anchored to the substrate. The use of new binders such as lithium 
polyacrylate (LiPAA) contributes in an excellent way to maintain the 
particle dispersion avoiding agglomeration upon cycling, and improving 
the properties of the composite as an active material. The utilization of 
tridimensional current collectors like metallic foams and grids, acting as 
scaffolds on which the active material is adhered, strongly increases the 
obtained reversible capacities with these composites, most probably due 
to the enlarged contact surface with the electrolyte that improves the 
reactivity and increases the accessibility of lithium ions to the deposited 
composite. When the FeOOH-RGO composite is applied on nickel foam, 
this electrode yields a reversible capacity of 1200 mAh/g. These kind of 
current collectors open a new and exciting pathway to the 3D electrodes 
design which could allow us to obtain even higher capacities and specific 
energies in future batteries since they offer better packing and 
exploitation of materials.  
There are no many electrochemical techniques with more extended 
application in industry than metals anodization. The surface oxidation 
of metals is very a well-known process and completely scalable for 
massive production. Since it is an inexpensive and relatively easy method 
is not surprising a spread use on all kind of metallic surfaces, as a 
corrosion protection or simply with ornamental purposes. In our case, the 
controlled electrochemical oxidation of titanium in the presence of 
fluoride ions produces an oxide layer that instead of being a few 
nanometers wide and compact, it presents a self-organized nanotubes 
morphology with tunable geometry that depends on the synthesis 
parameters. This possible tuning allows the production of 
nanostructured oxides with ideally chosen macroscopic properties since 
all that depends on the nanoscale geometrical characteristics. It was 
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observed that the length of the nanotubes is dependent on both factors, 
anodizing time and applied voltage, and the dependence with time fits 
well a parabolic function. Potential also proportionally affects to the 
parabolic constant, allowing the production of longer nanotubes (thicker 
oxide layers) when it is increased for a given period of time. It is also 
observed that the diameter of the nanotubes is proportional to the 
potential of the applied electric field.  
Self-organized nanotubes present amorphous or polycrystalline 
structure as prepared. Such structure can be modified by annealing 
processes allowing the preparation of a particular titania polymorph or 
even a mixture of two. In this work, the studied amorphous and anatase 
nanotubes, show an initially satisfactory electrochemical performance 
against lithium and sodium, that has been later improved by means of 
geometry variation and degree of crystallinity selection. 
The combination of titanium anodization and application of high 
intensity ultrasounds provides an important increase in the nanotubes 
length for a given anodization time. In this way the duration of the 
synthesis to achieve a determined length get reduced in 75% and the 
amorphous structure of the oxide gets preserved.  
The tridimensional morphology of the set composed by self-organized 
nanotubes connected to the metallic titanium substrate form an 
electrode with very high specific capacity, and also conductive additives 
or binders are not needed. The areal capacities obtained for these 
electrodes are very high, but in the same way as nanotube growth, the 
obtained reversible capacity is not linearly proportional to the length of 
the nanotubes, and in contrast, it looks like fitting better to a potential 
function. This fact is related to the higher quantity of defects revealed by 
EPR (prior and after thermal annealing) as well as to the higher 
probability of existence of water, rests of electrolyte or hydroxyl groups 
trapped in the longer nanotubes, that might contribute to an irreversible 
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lithium consumption. Longer diffusion distances and lower conductivity 
in the case of long nanotubes can also strongly contribute to worsen the 
gravimetric capacities of such electrodes. Due to these facts an optimal 
range of length about 30-70 µm is estimated to obtain the maximum 
areal and gravimetric capacities simultaneously (with highest values in 
the range 2-4 mAh/cm
2
). Even in this range, initial coulombic efficiencies 
for amorphous nanotubes are still relatively low (68-55 %) but this may 
be improved by surface treatments or removing the water and other 
impurities in some way without structure modification. The anodizing 
potential allows the modification of the amorphous nanotubes diameter 
but this does not affect perceptibly to the irreversible or reversible 
capacities against lithium in a wide range of 40 to 100V though, the 
surface increment may bring higher irreversibility due to larger SEI 
formation.  
The amorphous titanium oxide cycling against sodium is extremely 
affected by the imposed voltage limits compared with the case of lithium. 
In the same way, the geometrical aspects affect extensively in the case of 
sodium batteries, most probably due to the reaction mechanism that 
governs the reactions between amorphous titania nanotubes and 
sodium ions, mainly pseudocapacitive therefore intimately related with 
specific surface and reactivity. Owing to all this, the reversible capacities 
obtained in Na batteries for amorphous nanotubes of 70 microns in 
length are barely superior to the obtained by amorphous nanotubes of 
200 microns (160-106 mAh/g). Thus, longer diffusion distances and 
surface reactivity are determining parameters of great importance. 
The collected data until now about the reaction mechanism of titania 
nanotubes against sodium pushes us to synthesize wider diameter 
nanotubes (100 V anodizing potential) and selected lengths in the range 
previously reported, in a try to offer wider channels for the sodium ions 
to reach the nanotubes surface and also observe the effect of modifying 
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surface crystallinity. After a thermal treatment at 550ºC, anatase 
crystallinity increases while rutile formation is avoided. The XRD and 
HRTEM analyses show a certain preferential orientation in the 
nanodomains that form the nanotubes wall. These nanodomains are 
preserved after the electrochemical reaction with sodium. The analysis of 
the exponent (b-parameter) of the dependence of intensity on scan rate 
in cyclic voltammetry experiments, shows that the surface interactions 
between anatase nanotubes and sodium present a much more important 
contribution to the total capacity obtained than in the case of anatase 
nanotubes versus lithium. In contrast with sodium, lithium reactions 
against anatase are governed by insertion processes in which new phases 
of LixTiO2 (α-TiO2  β-Li0.5TiO2  γ-LiTiO2) are reversibly formed. For 
potential values lower than 0.3 V vs Na/Na
+
 the highly reactive 
preferentially oriented anatase nanotube walls may be responsible for an 
irreversible consumption of Na, most probably due to electrolyte 
decomposition. The extended plateaus, present at low voltages do not 
appear either for amorphous nanotubes sodium cells, or for amorphous 
or anatase nanotubes lithium cells.  
In the light of the 
23
Na NMR spectra of sodiated anatase nanotubes, at 
least two different types of local environment of the ions can be 
discerned. High-mobility sodium ions most probably coming from 
electrolyte decomposition on the nanotubes surface and other Na ions 
with reduced mobility onto the nanotube walls are detected. No strong 
paramagnetic interactions (Ti
3+
/Na
+
) were detected so that a true 
insertion reaction is discarded in this case, driving to conclude that 
sodium-anatase interactions mainly take place by means of 
pseudocapacitive reactions or surface processes. 
The importance of surface characteristics in amorphous nanotubes is 
evident, but is even more important in the case of anatase nanotubes 
when they both react with alkali ions, especially with sodium. Having in 
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mind the possible tuning of the geometry and crystallinity of the self-
organized nt-TiO2 architectures, and owing to the relation of those 
parameters and the obtained capacity, a modification in the synthesis 
process is carried out to better understand whether these new 
geometrical alterations promote some improvement in the reactions 
against alkali ions. 
Surprisingly, anodization under variable voltage provokes important 
modifications in the nanotube growth conditions. Diffusion rates of the 
ions, plastic flow of the generated oxide and its formation/dissolution 
ratio are all strongly dependent on the applied electric field strength, in 
such a way, that the variable electric field upon time produces a 
concentration gradient through the nanotube walls thickness. That 
gradient probably influences the expansion coefficient of the formed 
oxides (Pilling-Bedworth) creating stress and strain and finally driving to 
the separation of the nanotube walls, owing to fracture and possible 
dissolution. The promoted separation produces a new configuration of 
two concentric nanotubes with different thicknesses, notably increasing 
the effective surface of the obtained electrode (up to 225 %) as one can 
see in the transmission and scanning electron micrographs. Comparing 
both nanotubes geometry, the obtained under constant voltage (100 V) 
for 120 minutes possess 67 µm in length, 90 nm diameter of pore and 30 
nm wall thickness. In contrast, the obtained nanotubes under a crescent 
ramp of voltage, from 20 V up to 100V for 120 minutes show the 
following geometrical parameters: 6 µm in length, central pore of 40 nm 
diameter, inner nanotube wall of 45 nm thickness, empty space between 
concentric walls of 10 nm and outer nanotube wall of 20 nm thickness. 
This way, the surface-volume ratio is highly increased in double-wall 
nanotubes.  
From electron paramagnetic resonance analysis can be inferred that 
single wall nanotubes contain higher quantity of lattice (bulk) defects 
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that remain even after annealing treatment at 550ºC, compared with the 
quantity of defects detected in double wall nanotubes. Surface defects 
are ascribed to the formation of TiO2-xF2x and are removed completely 
during the crystallization process. 
Specific capacities in these materials are obtained by using galvanostatic 
cycling techniques, and are compared after normalization into surface 
and length units (µAh cm-2 µm-1) in order to get more detailed 
information about the influence of the geometrical changes in the 
delivered capacities. In the case of lithium, the obtained normalized 
capacities in double wall anatase nanotubes (DWANT) are found higher 
than in the obtained in single wall anatase nanotubes (SWANT) most 
probably due to the following factors: the shorter length of DWANT 
offers a more rigid and stable contact with the substrate and lower 
quantity of impurities and bulk defects that ease the insertion of lithium. 
The higher surface in contact with the electrolyte available in DWANT per 
length unit compared with SWANT in addition with the shorter diffusion 
distances derived from the concentric geometry could also affect notably 
to the capacity enhancement. In the same way, the geometric 
characteristics of DWANT seem to increase, according to the b parameter 
obtained results, the pseudocapacitive processes and the potential range 
at which those are produced, in such a way that the total capacity is 
raised additionally to the obtained by common insertion process. In 
sodium batteries, the special morphology of DWANT electrodes that 
enables a notably improved contact between electrode surface and 
liquid electrolyte, the specific capacity by length unit is improved as well, 
probably owing to a lower surface reactivity derived from the new 
synthesis process that allows a lower potential limit of 0.01 V. 
23
Na NMR 
analysis of post mortem electrodes shows differences between local 
environments of sodium ions for DWANT and SWANT in a completely 
discharged state. These differences may be attributed to better sodium 
mobility in the double wall nanotubes. Thanks to electron diffraction 
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patterns of those electrodes, a tiny contribution of NaTi8O13 is found 
whereas the anatase structure of the walls is unaltered. The formation of 
the sodium titanate cannot be taken into account to explain the superior 
capacity of DWANT. Energy Dispersive Spectroscopy analysis data 
unveils a Na/Ti ratio of 2/3 and evidences de surface decomposition of 
NaPF6 electrolyte due to an F/P relation lower than 6 for the discharged 
electrodes. In short, the double wall morphology increases the quantity 
of anatase surface accessible to the electrolyte, improving the surface 
reduction processes of Ti
4+
 to Ti
3+
, and in addition to other factors 
previously described, raises the obtained specific capacity compared with 
single wall nanotubes.  
All the obtained data until now, concerning surface characteristics, 
nanostructuration and morphology of anatase particles to improve their 
accessibility and reactivity against alkali ions in organic electrolyte based 
batteries is also applicable to aqueous electrolyte based batteries. This 
way, the nanotubes applied to aqueous batteries were optimized by 
using a similar strategy, doing stronger efforts in Na based batteries. As 
an initial observation, amorphous nanotubes obtained by constant 
voltage anodization show limited capacity for lithium insertion in 
aqueous solution (LiOH, LiCl) and higher irreversibility than in the case of 
single wall anatase nanotubes. Successive electrochemical tests unveiled 
also the possible elevation of the imposed inferior cut off voltage for 
anatase nanotubes, increasing coulombic efficiency and reversibility of 
the process due to hindering of hydrogen evolution or proton insertion 
during the reduction branch. Having all this into account and moving it 
to aqueous sodium batteries, an even deeper improvement results 
evident due to the bigger size of the sodium cation. Thus, we found in 
the nanotubes obtained by anodization of titanium under decreasing 
ramp of voltage from 120 V to 40 V an improved electrochemical 
behavior in the aqueous sodium batteries. The presence of an oxidation 
peak in the voltammograms of this material in NaCl aqueous solution 
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clearly evidences the improved behavior compared with nanotubes 
obtained by other methodologies. Such an improvement is attributed to 
a different microstructure owing to the anodization parameters that 
produces self-organized nanotubes with double wall configuration and a 
central pore with a large diameter (c.a. 100 nm). This material is capable 
of delivering capacities up to 100 mAh/g after 100 cycles with efficiencies 
surrounding 65 % in aqueous sodium cells. A better understanding of the 
reaction mechanism and improvement in the electrolyte might tailor this 
technology for high energy sodium aqueous batteries. 
An also highly used method in the industry is, no doubt, 
electrodeposition. Derived from this electrochemical sort of synthesis 
it has been possible to co-deposit an amorphous alloy composed by Co 
and Sn. This amorphous alloy can be ordered to CoSn2 alloy by annealing 
at 200ºC, as one can see in XRD and Mössbauer Spectroscopy data. The 
metallic substrate used here (also will act as the current collector) is an 
open-cell nickel foam, with higher surface than a nickel foil due to its 
porous morphology, promoting the electrolyte accessibility to the active 
material and this way enhancing the charge transfer even at very high 
rate, improving the capacity retention and increasing the obtained 
capacity. The synthesis parameters allow a controlled type of obtained 
deposit, in such a way that the clusters sizes and compositions can be 
selected since they grow in correspondence with well-known models of 
crystallization. The thin film character of the electrodeposited alloy layer 
confers optimal qualities for rapid lithium diffusion from the electrolyte 
and provides the necessary empty space to bear the volume expansion 
during lithiation process. The electrochemical cycling analysis of the 
several electrodes (obtained under different electrodeposition 
parameters) in lithium cells shows an excellent behavior even at high 
current densities. However, the quantity of deposited material exerts an 
influence over cycling stability, capacity retention and gravimetric 
capacity of the electrodes and must be taken into account. As a result of 
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all that, the sample consisting in isolated clusters that followed the 
Volmer-Weber model of crystallization presents the best electrochemical 
performance (800 mAh/g) except for irreversible capacity, probably due 
to an irreversible consumption of electrolyte on the larger exposed 
surface of active material (isolated clusters). Concluding, the optimization 
of the electrodeposition process and the use of this type of metallic 
substrates allow the obtaining of electrodes with excellent 
electrochemical behavior, high gravimetric and areal capacities. In the 
case of the electrochemical behavior against sodium, it is observed that 
the irreversible consumption of sodium in these electrodes is too high. In 
addition, the difficulties to shift the potential range in a try to avoid such 
irreversibility and the apparent reduced ability of sodium to become 
alloyed with tin under these conditions, a new development of optimized 
electrolytes and morphologies is suggested in order to overcome those 
drawbacks.  
 
 
5.3 CONCLUSIONES FINALES  
 
Composites sonoquímicos con aleaciones CoSn  
 
 Se han preparado materiales composites de electrodo que 
contienen grafito ultrafino (exfoliado) y nanopartículas de aleación 
amorfa CoSn a través de reacciones de oxidación-reducción bajo la 
acción de ultrasonidos de alta intensidad. 
 El uso de poliacrilato de litio como aglutinante se ha encontrado 
altamente beneficioso para conservar la integridad del electrodo y 
mantener un tamaño nanométrico en las partículas después del 
ciclado. 
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 En la primera descarga se detecta la aleación LixSn de baja 
cristalinidad mediante DRX. Tras el primer ciclo descarga-carga, la 
fase LixSn no vuelve a detectarse por DRX, probablemente por la 
formación de la aleación ternaria LixSn-Co. 
 La estabilización del material de electrodo tras el ciclo inicial carga-
descarga se produce a expensas de un reducido incremento de la 
resistencia de transferencia de carga, determinada por 
espectroscopía de impedancia,  y un proceso de amorfización. 
 
 
Aleaciones CoSn electrodepositadas 
  
 La electrodeposición de cobalto y estaño sobre espuma de níquel en 
las condiciones experimentales óptimas favorece la formación de 
una capa micrométrica amorfa de aleación Co-Sn y posterior 
calentamiento a 200ºC la transforma en CoSn2. 
 Teniendo en cuenta los valores de ambas capacidades, gravimétrica 
y por unidad de área, y el comportamiento durante el ciclado, las 
características electroquímicas mostradas por este material de 
electrodo en celdas de litio son excelentes. 
  En particular, las capas electrodepositadas con partículas aisladas de 
CoSn2 sobre espuma de níquel como sustrato muestran alta 
capacidad específica (valores en torno a 800 mAh/g) y muy buena 
respuesta a altas cinéticas, todo esto a costa de inferiores 
capacidades por unidad de área. 
 Las desventajas más importantes serían el coste, la eficiencia 
coulómbica inicial y la capacidad volumétrica del electrodo 
completo cuando se incluye el volumen de los poros. 
 El uso de espumas metálicas de tipo abierto como sustrato para la 
electrodeposición de aleaciones basadas en estaño es más 
prometedora que el uso de sustratos planos y abre nuevas 
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perspectivas motivadoras para el incremento de la potencia 
obtenida en baterías de ion litio e ion sodio.  
 
 
 
 
Composites sonoquímicos de FeOOH con Grafeno  
 
 Se ha desarrollado un método de obtención de un composite 
nanoestructurado de grafeno/FeOOH amorfo por difracción de 
rayos X, usando ultrasonidos de alta intensidad.  
 Ha sido posible observar por primera vez el anclaje de las partículas 
de FeOOH a las láminas de grafeno,  mediante el uso de TEM, XPS y 
EPR. Según los resultados de EPR para el composite con 25 % de 
óxido de hierro, se observan especies de Fe3+ coordinadas 
octaédricamente ancladas en el sustrato de grafeno, mientras que en 
el composite con 66 % de óxido de hierro, se encuentran 
nanopartículas de FeOOH principalmente. 
  El material de electrodo resultante muestra una capacidad 
considerablemente mayor a la del grafito. La mejora obtenida en el 
comportamiento electroquímico puede atribuirse al carácter amorfo 
del óxido de hierro, al reducido tamaño de las partículas y a la 
dispersión mutua excelente de las dos fases gracias al tratamiento 
ultrasónico. 
 Además, con la utilización de espuma de Ni como sustrato y colector 
de corriente para los composites de óxido de grafeno 
reducido/óxido de hierro amorfo la capacidad reversible alcanza 
1200 mAh/g. 
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Nanotubos de TiO2 obtenidos a voltaje constante 
 
 La anodización de titanio asistida por ultrasonidos permite la 
obtención de nanotubos de óxido de titanio de gran longitud y 
auto-organizados. El óxido formado es inicialmente amorfo pero 
cristaliza a través de tratamiento térmico. 
 Se observa que la longitud de los nanotubos se aumenta con el 
tiempo de anodización, el tratamiento ultrasónico y el potencial de 
anodización, aunque la aplicación de ultrasonidos se encuentra 
limitada debido a la completa disolución del electrodo de titanio 
para tiempos prolongados. 
 Los nanotubos de mayor longitud muestran señal EPR debido a 
electrones polarizados en la banda de conducción, iones Ti3+ en 
entornos heterogéneos y defectos puntuales en la superficie del TiO2 
 Los nanotubos de óxido de titanio crecen directamente sobre los 
colectores de corriente y pueden usarse directamente como 
electrodo sin necesidad de aglutinantes y/o aditivos. 
 La morfología de estos materiales de electrodo produce una 
capacidad por unidad de área muy elevada. La capacidad 
gravimétrica (mAh/g) observada no crece linealmente con la 
longitud de los nanotubos. 
 La eficiencia coulómbica de los nanotubos con elevada capacidad 
inicial resulta baja probablemente debido a reacciones irreversibles 
con impurezas tales como grupos hidroxilo y/o inmovilización de 
litio. 
 Con futuras optimizaciones del método de preparación podrían 
prepararse nanotubos de mayor longitud con capacidades elevadas 
(mayores de 2 mAh/cm
2
) y solucionar los problemas derivados de los 
procesos irreversibles y la pérdida de capacidad en el ciclado. 
 Se han obtenido nanotubos de óxido de titanio con muy alta 
relación de aspecto. La cinética del crecimiento de los nanotubos 
auto-organizados de TiO2 cumple la ley parabólica. El incremento del 
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voltaje de anodización incrementa a su vez la constante cinética y 
consecuentemente la velocidad de crecimiento. 
 Las capacidades máximas encontradas para nt-TiO2 en baterías de 
litio son del orden 2-4 mAh/cm
2
. La capacidad por unidad de área 
obtenida no depende linealmente de la longitud de los nanotubos y 
para una determinada longitud de nanotubos la capacidad es 
independiente del voltaje de anodización (diámetro del nanotubo). 
 Las capacidades por unidad de área más elevadas se alcanzan a 
expensas de capacidades gravimétricas reducidas. El 
comportamiento electroquímico óptimo se encuentra para el rango 
de entre 30 y 70 µm de longitud de los nanotubos. 
 Los nanotubos de TiO2 amorfos también muestran capacidad 
reversible frente a sodio, pero experimentalmente es más limitada y 
la eficiencia pobre, en particular para los nanotubos más largos (100-
200 µm), probablemente debido a una cinética más lenta para la 
intercalación del sodio y reacciones irreversibles superficiales. Los nt-
TiO2 obtenidos a 100 V con 38 µm de longitud ciclan en el rango 0,5-
2,6 V vs Na con capacidades gravimétricas en torno a 160-106 
mAh/g. 
 Las paredes de los nanotubos auto-organizados de anatasa se 
componen de nanocristales con cierta orientación preferencial. La 
estructura de los nanotubos de anatasa se conserva tras su reacción 
electroquímica con sodio. 
 Los valores del exponente de la velocidad en la expresión de la 
intensidad de medidas voltamétricas (parámetro b) en función del 
potencial en el rango 0,5-2,6 V para los nanotubos de anatasa 
sugieren que la contribución al alojamiento del sodio de la superficie 
de los nanotubos es más importante en celdas de sodio que en 
celdas de litio. 
 Se encontraron al menos dos tipos de sodio distintos en el espectro 
de 
23
Na RMN para anatasa nt-NaxTiO2, y el alojamiento reversible de 
sodio en la superficie de los nanotubos se deduce del espectro. 
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Futuras mejoras del electrolito, las propiedades superficiales y las 
condiciones del ciclado electroquímico podrían hacer este material 
de electrodo adecuado para baterías de ion sodio de alta energía. 
 
Nanotubos de TiO2 obtenidos a voltaje variable 
 La anodización con voltaje en rampa produce, en un solo paso, 
nanotubos con microestructura modificada, doble pared y poro 
interior ancho. La concentración inicial de defectos estructurales 
(Ti
3+
determinado por EPR) es más pequeña en los nanotubos de 
anatasa de doble pared. 
 La estructura de doble pared incrementa la capacidad específica de 
almacenamiento de iones alcalinos debido a la contribución 
pseudocapacitiva relacionada con la elevada superficie derivada de 
la nanoestructura especial, adicionalmente a la inserción faradaica 
ordinaria que se da en un ampliado rango de potencial. La alta 
capacidad específica mostrada por estos materiales de electrodo los 
hacen potencialmente muy útiles para microbaterías de litio y sodio. 
 Las baterías con electrodos de nanotubos auto-organizados de 
óxido de titanio de doble pared pueden considerarse equivalentes a 
interfases fractales electrodo-electrolito.  
 El excelente comportamiento observado con la estructura de doble 
pared durante el ciclado frente a sodio (unos 190 mAh/g tras 800 
ciclos) y la respuesta mejorada ante altas densidades de corriente 
están fuertemente relacionados con la reducción a Ti3+ en la 
superficie de los nanotubos.  
 Aunque la aparición de NaxTiO2 no se detecta por DRX, la presencia 
de NaTi8O13 se advierte en los resultados de TEM. Sin embargo la 
mayor parte de la capacidad obtenida en nanotubos de doble pared 
se asocia con la interacción superficial con Na, en lugar de con la 
formación del titanato. 
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 Los nanotubos de TiO2 con pared doble y estructura anatasa han 
sido utilizados por vez primera como electrodos de baterías con 
electrolitos acuosos de sales de sodio. Para el caso del sodio, 
mostrando un mejor comportamiento en comparación con los 
nanotubos de pared sencilla. 
 La consiguiente optimización del electrolito acuoso, las propiedades 
superficiales y las condiciones de ciclado pueden adecuar este 
material en mayor medida como electrodo para baterías acuosas de 
ion sodio de alta energía. 
 
 
5.4 FINAL CONCLUSIONS 
  
Sonochemical composites with CoSn alloys 
 Composite electrode materials containing ultrathin (exfoliated) 
graphite and amorphous CoSn alloy nanoparticles have been 
prepared by high intensity ultrasounds promoted red-ox reactions.  
 The use of lithium polyacrylate binder was found to be highly 
beneficial to preserve the integrity of the electrode while preserving 
the small size of the nanoparticles after cycling.  
 During the first discharge, an XRD peak due to poorly crystallized 
LixSn alloy is detected. After the first discharge–charge cycle, 
crystalline LixSn phases are no longer detected by XRD, most 
probably due to the formation of amorphous LixSn–Co ternary alloy. 
 The stabilization of the electrode material after the initial charge–
discharge cycling involves a slight increase of the charge transfer 
resistance determined by electrochemical impendance spectroscopy 
and an amorphization processes. 
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CoSn electrodeposited alloys 
 The electrodeposition of cobalt and tin on nickel foam under the 
optimum experimental conditions favors the formation of a 
micrometric film of amorphous Co-Sn alloy and then CoSn2 is 
formed after annealing to 200°C.  
 Taking into account both areal and gravimetric capacity values, and 
the cycling performance, the electrochemical properties of this 
electrode material in lithium batteries are excellent.  
 Particularly, the electrodeposited films with isolated particles of 
CoSn2 on Ni foam substrate show high specific capacity values 
(about 800 mAh/g) and very good response to high rates, but this is 
achieved at the expense of lower areal capacity values.  
 The main drawbacks may be the cost, the initial coulombic efficiency 
and the volumetric capacity of the whole electrode including the 
pore volume.  
 The use of open-type foam of metals as substrate for the 
electrodeposition of tin-based alloys is more promising than the use 
of flat substrates and opens very exciting perspectives for enhancing 
the power of the lithium ion and sodium batteries. 
 
Sonochemical composites with FeOOH and Graphene  
 We report a method to prepare graphene/XRD-amorphous FeOOH 
nanostructured composite using high intensity ultrasonication. 
  The anchoring of the FeOOH particles to the graphene layers has 
been revealed by using mainly TEM, XPS and EPR. According to the 
EPR results the composite with 25% mass of iron oxide, isolated 
octahedrally coordinated Fe
3+
 species anchored on the graphene 
substrate are observed, while FeOOH nanoparticles contribute 
mainly to the  composite with 66% mass of iron oxide. 
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  The resulting electrode material exhibits a capacity significantly 
higher than graphite. The improvement of the electrochemical 
behavior can be attributed to the amorphous character of the iron 
oxide, the very small particle size and the excellent mutual dispersion 
of the two phases which are achieved by the ultrasonication 
treatment. 
  In addition, by using Ni-foam as substrate and current collector of 
the graphene/amorphous iron oxide composites, the reversible 
capacity reached 1200 mAh/g. 
 
 
Titania nanotubes obtained under constant voltage 
 The ultrasound-assisted anodization of titanium allows obtaining 
titanium oxide nanotubes with a large length and self-organized. The 
initially formed titanium oxide layer is amorphous, but it becomes 
crystalline after annealing. 
 The observed length of the titanium nanotubes increases with the 
anodizing time, the ultrasonication treatment and the anodizing 
potential but the application of ultrasounds is limited because of the 
titanium electrode complete dissolution for prolonged anodizing 
times. 
  Longer nanotubes display EPR signals due to conduction band 
medium polarized electrons, Ti
3+
 ions in heterogeneous 
environments and surface hole trapping sites. 
  Titania nanotube electrodes are directly grown on current collectors 
and can be used without binders and/or additives. 
 The morphology of these electrode materials results in very large 
areal capacity. The observed gravimetric (mAh/g) capacity does not 
increase linearly with the nanotubes length. 
 For the longer nanotubes that exhibit very large initial capacity, the 
initial Coulombic efficiency is lower probably due to irreversible 
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reactions with impurities such as hydroxyl groups and/or lithium 
trapping in the nanotubes. 
 Thus, longer nanotubes may be prepared in the future with high 
capacity (more than 2 mAh/cm
2
) and the problems of the irreversible 
processes and capacity fade may be overcome by further optimizing 
of the preparation method. 
 Very high aspect ratio titania nanotubes have been prepared. The 
growth kinetics of self-organized TiO2 nanotubes obeys a parabolic 
law. Increasing the anodization voltage increases the parabolic rate 
constant and consequently the oxidation rate. 
  Maximum capacity values observed in lithium cells can be achieved 
in the order of 2-4 mAh/cm
2
. The areal capacity depends non-
linearly on the nanotube length and for a determined nanotube 
length is independent on the anodization voltage (nanotube 
diameter).  
 However, the higher areal capacity values are achieved at the 
expenses of lower gravimetric capacity values. The optimal 
electrochemical behavior is found for nanotubes length in the range 
of ca. 30-70 µm. 
  These amorphous nt-TiO2 also exhibit reversible capacity against 
sodium, but the observed capacity is more limited and the efficiency 
poorer, particularly for very long nanotubes (100-200 µm), probably 
due to slower kinetics for sodium intercalation and irreversible 
surface reactions. The nt-TiO2 obtained at 100 V and with ca. 38 µm 
of length can be cycled in the range of 0.5-2.6 V vs. Na with 
gravimetric capacities of around 160-106 mAh/g. 
 The walls of self-arranged anatase nt-TiO2 are composed of 
nanocrystals with certain preferred orientation. Such structure of 
self-organized anatase nt-TiO2 is preserved after its electrochemical 
reaction with sodium. 
  The values of the exponent of the scan rate in the current expression 
for voltammetric measurements (b-parameter) as function of 
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potential for anatase nt-TiO2 suggest that the contribution of the 
accommodation of sodium in the surface of anatase nt-TiO2 in the 
potential range of 0.5-2.6 V is more important in sodium cell than in 
lithium cell. 
  At least two types of sodium are found in the 
23
Na NMR spectra for 
anatase nt-NaxTiO2, and the reversible accommodation of sodium in 
anatase surface (or nanotubes walls) is inferred from the spectra. 
Further optimization of the electrolyte, surface properties and 
electrochemical cycling conditions may render this electrode 
material more suitable for high-energy sodium ion batteries.  
 
 
TiO2 nanotubes obtained under variable voltage 
 
 The anodization under variable voltage renders, in a single step 
process, nanotubes with modified microstructure, double wall and a 
wide inner pore. The initial concentration of bulk defects (Ti
3+
 
determined by EPR) is smaller in double-wall anatase nanotubes. in 
good agreement with its higher specific capacity and excellent 
cycling behavior.  
 The double-wall structure increases the specific capacity of alkali 
ions storage due to the pseudocapacitive contribution which is 
related to the higher surface coming from the special nanostructure, 
in addition to the usual faradaic insertion and in a wider potential 
range. The high specific capacity values make that this electrode 
materials can be potentially very useful for lithium and sodium ion 
microbatteries. 
 Batteries with self-organized nanotube electrodes containing 
double-walled nanotube can be regarded like a fractal electrode-
electrolyte interface. 
 The excellent observed behavior for the double-wall structure upon 
cycling against sodium (about 190 mAh/ g after 800 cycles) and the 
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improved response to high current densities are strongly related 
with the Ti
3+ 
reduction on the nanotubes surface.  
 Although the occurrence of NaxTiO2 phases is not detected by XRD, 
the presence of NaTi8O13 is inferred from TEM results. However, the 
main capacity of DWANT is associated with the nanotube surface 
interaction with Na instead of NaTi8O13 formation. 
 TiO2 nanotubes with double-wall and anatase structure have been 
used for the first time as battery electrodes with sodium aqueous 
electrolytes, showing an improved behavior compared with the 
single-walled. 
 Further optimization of the electrolyte, surface properties and 
electrochemical cycling conditions may render this electrode 
material more suitable for aqueous high-energy sodium-ion 
batteries. 
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En este capítulo se incluyen los trabajos y contribuciones 
científicas, a modo de breve resumen, que por algún 
motivo no han sido incluidos en el cuerpo de la presente 
tesis doctoral, pero que reflejan la labor investigadora 
aportada por el doctorando durante su formación. 
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6.1 CoSn-graphite electrode material prepared by 
using the polyol method and high-intensity 
ultrasonication 
José R. González, Ricardo Alcántara, Francisco Nacimiento, José L. Tirado 
Laboratorio de Química Inorgánica, Universidad de Córdoba, Edificio C3, Campus de Rabanales, 
14071 Córdoba, Spain 
Electrochimica Acta 56 (2011) 9808– 9817 
ABSTRACT 
Composite electrode materials containing nanoparticles of nearly 
amorphous CoSn and ultrathin layers of graphite are prepared here. For 
this purpose, Sn(II) and Co(II) ions in tetraethyleneglycol are reduced with 
NaBH4 in the presence of ball-milled graphite while high-intensity 
ultrasonication is continuously applied. The followed preparative route is 
a combination of the polyol and sonochemical methods. The observed 
capacity value for CoSn-ball milled graphite is over 400 mAh/g after 40 
cycles (this is superior to graphite). The good electrochemical cycling 
behavior is connected to the small particle size of CoSn, the low 
crystallinity of CoSn and the dispersion of the CoSn particles in an 
optimized carbon matrix. The selected binder (polyvinylidene fluoride or 
lithium polyacrylate) also can contribute to improve the cycling behavior. 
The low electrochemical efficiency, particularly in the first cycles, may be 
related to the spontaneous oxidation of the metallic particles surface and 
irreversible electrolyte consumption. The use of inert atmosphere (Ar-
flow) results in a decrease of the tin oxide content, as determined by using 
119
Sn Mössbauer spectroscopy, an increase of the initial electrochemical 
efficiency up to a maximum of 90.4%, and higher capacities (507 mAh/g 
after 40 cycles). 
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6.2 Nanocrystalline CoSn2-carbon composite 
electrode prepared by using sonochemistry 
Francisco Nacimiento, Ricardo Alcántara, Uche G. Nwokeke, José R. 
González, José L. Tirado 
Laboratorio de Química Inorgánica, Universidad de Córdoba, Edificio C3, Campus de Rabanales, 
14071 Córdoba, Spain 
Ultrasonics Sonochemistry 19 (2012) 352–357 
ABSTRACT 
A sonochemical method has been used to prepare negative electrode 
materials containing intermetallic nanoparticles and polyacrylonitrile 
(PAN). The ultrasound irradiation is applied to achieve small particle size. 
After annealing at 490ºC under Ar-flow, the polymer PAN is partially 
carbonized and the metallic nanoparticles are surrounded by a 
carbonaceous matrix. The main metallic phase is CoSn2. The carbonaceous 
coating and the surface oxides have been explored by using XPS. The 
resulting CoSn2-carbonaceous phase electrode (CoSn2@C) shows 
improved electrochemical behavior (ca. 450 mAh/g after 50 cycles) in 
comparison with previous reports on pure crystalline CoSn2. The reaction 
between CoSn2@C and Li has been studied by using XRD and 
119
Sn 
Mössbauer spectroscopy. The formation of large grains of crystalline LixSn 
phases after the first discharge is discarded. The small particle size which 
is achieved by using ultrasonication and the carbonaceous matrix 
contribute to maintain the Co–Sn interactions during the electrochemical 
cycling. The aggregation of the nanosized metallic particles upon 
electrochemical cycling can be suppressed by the carbonaceous matrix 
(pyrolytic PAN). 
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6.3 Preparation and characterization of 
intermetallic nanoparticles for lithium ion batteries 
Uche. G. Nwokeke, Francisco Nacimiento, José R. González, Ricardo 
Alcántara, José L. Tirado, and Carlos Pérez-Vicente 
Laboratorio de Química Inorgánica, Universidad de Córdoba, Edificio C3, Campus de Rabanales, 
14071 Córdoba, Spain 
Journal of Nano Research 17 (2012) 53-65 
ABSTRACT 
Nanoparticles based on tin compounds and alloys have been prepared by 
using the polyol and/or sonochemical methods. Thus, nanoparticulated 
Fe1-xCoxSn2 solid solutions were prepared by using the polyol method or, 
alternatively, a combination of the polyol and the sonochemical methods, 
and the Rietveld refinements of the XRD patterns confirm the formation of 
the solid solutions solutions. Pure or pyrolyzed polyacrylonitrile (PAN) can 
be used to create a matrix that encapsulate the metallic particles and 
improve the electrochemical cycling behavior. Thus, MSn2@PAN (where 
M=Fe or Co) have been prepared by using dimethylformamide like solvent 
of PAN and applying high-intensity ultrasonication to achieve small 
particle size, poor crystallinity and high dispersion. The very small particles 
of MSn2 exhibit higher tendency to be oxidized in air atmosphere than the 
larger particles. The very small particle size of the alloy and the organic 
phase (PAN) contribute to stabilize the interfaces and the contacts in the 
electrode, as is evidenced by the electrochemical cycling and the 
impedance spectra. A model is proposed for the electrochemical behavior 
of the MSn2@PAN electrode materials. MSn2@C materials can be 
prepared throughout the pyrolysis of the PAN molecules matrix. 
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6.4 Electrodeposited polyacrylonitrile and Cobalt-
Tin composite thin film on titanium substrate 
Francisco Nacimiento, Ricardo Alcántara, José R. González, José L. Tirado 
Laboratorio de Química Inorgánica, Universidad de Córdoba, Edificio C3, Campus de Rabanales, 
14071 Córdoba, Spain 
Journal of The Electrochemical Society 159 (2012) A1028-A1033  
ABSTRACT 
Organic-inorganic films have been prepared. Electrodeposited 
polyacrylonitrile (PAN) and cobalt-tin films on titanium substrate are 
studied as a new electrode for lithium ion batteries. For the preparation of 
the electrode, firstly, cobalt and tin are electrodeposited on titanium 
substrate and an amorphous and metastable Co-Sn alloy is the main 
product. Secondly, PAN is deposited on the Co-Sn/Ti substrate through 
electropolymerization of the monomer (acrylonitrile). The interfacial 
properties of tin-based electrochemically active material are modified via 
electrodeposition of PAN, as is observed by using electrochemical 
impedance spectroscopy. Areal capacities in the order of mAh/cm
2
 have 
been achieved. 
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6.5 Improving the electrochemical properties of 
self-organized titania nanotubes in lithium batteries 
by surface polyacrylonitrile electropolymerization 
Francisco Nacimiento, José R. González, Ricardo Alcántara, Gregorio F. 
Ortiz, José L. Tirado 
Laboratorio de Química Inorgánica, Universidad de Córdoba, Edificio C3, Campus de Rabanales, 
14071 Córdoba, Spain 
Journal of The Electrochemical Society 160 (2013) A3026-A3035  
ABSTRACT 
The surface of the amorphous TiO2 nanotubes is critical to achieve high 
capacity, cycling stability and high rate performance. In order to improve 
the stability of nanotubular titanium dioxide electrodes in lithium 
batteries, polyacrylonitrile (PAN) has been deposited by 
electropolymerization. Self-organized TiO2 nanotubes were prepared by 
titanium anodization with different aspect ratios. After 
electropolymerization, electron microscopy, composition mapping and 
XPS data confirmed that electrododeposited PAN covered the complete 
surface of open ends of the nanotubes, exclusively. The resulting electrode 
material was tested in lithium cells, and showed reversible areal capacities 
in the order of 0.5 mAhcm−
2
 and good cycling behavior and within a wide 
potential window (0.0–3.0 V). The improvement of the electrochemistry is 
more evident for the lower aspect ratio nt-TiO2, with capacity values 
normalized by the nanotubes length of around 0.25 mAh cm−
2
 μm–1 at slow 
rate. An areal capacity of 0.26 mAh cm−
2
 is delivered at 75C rate. The ion-
conducting PAN layer ensures lithium ion access to the nanotubes, 
protects the open end surface from undesirable reactions with the 
electrolyte and provides enhanced mechanical stability to the electrode 
and lower charge transfer resistance. 
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6.6 Improving the performance of titania nanotube 
battery materials by surface modification with lithium 
phosphate 
María C. López, Gregorio F. Ortiz, José R. González, Ricardo Alcántara, José 
L. Tirado 
Laboratorio de Química Inorgánica, Universidad de Córdoba, Edificio C3, Campus de Rabanales, 
14071 Córdoba, Spain 
ACS Applied Materials & Interfaces 6 (2014) 5669−5678 
ABSTRACT 
Self-organized TiO2 nanotubes ranging from amorphous to anatase 
structures were obtained by anodization procedures and thermal 
treatments at 500°C. Then electrolytic Li3PO4 films were successfully 
deposited on the nanotube array by an electrochemical procedure 
consisting in proton reduction with subsequent increase in pH, hydrogen 
phosphate dissociation and Li3PO4 deposition on the surface of the 
cathode. The Li3PO4 polymorph (γ or β) in the deposit could be tailored by 
modifying the electrodeposition parameters, such as time or current 
density, as determined by X-ray patterns. The morphological analysis 
evidenced the formation of a 3D nanostructure consisting of Li3PO4 
coating the TiO2 nanotube array. The anode−solid electrolyte stacking was 
tested in lithium half cells. Interestingly, the electrochemical performances 
revealed a better cycling stability for samples containing low amount of 
lithium phosphate, which is deposited for short times and low current 
densities. These results suggested the possibility of fabricating 3D Li-ion 
batteries. nt-TiO2/γ-Li3PO4/LiFePO4 full cells were cycled at different rates 
in the C/5-5C range. This cathode-limited microbattery delivered a 
reversible gravimetric capacity of 110 mA h g−
1
 and a capacity retention of 
75 % after 190 cycles at 5C. 
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6.7 Relationships between the length of self-
organized titania nanotube, adsorbed solvents and its 
electrochemical reaction with lithium  
José R. González, Ricardo Alcántara, Francisco Nacimiento, Gregorio F. 
Ortiz, José L. Tirado 
Laboratorio de Química Inorgánica, Universidad de Córdoba, Edificio C3, Campus de Rabanales, 
14071 Córdoba, Spain 
Journal of Solid State Electrochemistry (2015) in press. 
ABSTRACT 
Amorphous and self-organized titania nanotubes (nt-TiO2) have been 
prepared by anodization of Ti at 100 V and using different anodization 
times to tailor the nanotube length. The solvent (water and ethylene 
glycol) trapped in nt-TiO2 is studied as a function of nanotube length by 
using thermal analysis and temperature programmed desorption. The 
longer nanotubes retain more water and ethylene glycol. The influence of 
these adsorbed molecules on the electrochemical behavior of the nt-TiO2 
in lithium cells is explored. We have found that the irreversible 
pseudoplateau at ca. 1.1 V in the first discharge of amorphous nt-TiO2 is 
related to reactions of lithium with solvent molecules (water and ethylene 
glycol) in addition to a crystallization process to cubic LiTiO2. The 
contribution of faradaic and pseudocapacitive processes in the reaction 
between nt-TiO2 and lithium is also studied. 
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A.1 X-RAY DIFFRACTION 
X-ray diffraction (XRD) is a versatile, non-destructive technique that 
reveals detailed information about the chemical composition and 
crystallographic structure of natural and manufactured materials, is one of 
the primary techniques used by mineralogists and solid state chemists to 
examine the physico-chemical structure of unknown solids. 
The XRD technique takes a sample of the material and places a powdered 
sample in a holder, then the sample is illuminated with X-rays of a fixed 
wave-length and the intensity of the reflected radiation is recorded using 
a goniometer. This data is then analyzed for the reflection angle to 
calculate the inter-atomic spacing (d value in Angstrom units, 10
-8
 cm). 
The intensity (I) is measured to discriminate (using I ratios) the various d 
spacings and the results are to identify possible matches. 
Bragg's Law refers to the equation: 
   nλ = 2d sinΘ    (A.1) 
derived by the English physicists Sir W.H. Bragg and his son Sir W.L. Bragg 
in 1913 to explain why the cleavage faces of crystals appear to reflect X-ray 
beams at certain angles of incidence (Θ, λ). The variable d is the distance 
between atomic layers in a crystal, and the variable lambda is the 
wavelength of the incident X-ray beam (see applet); n is an integer. 
This observation is an example of X-ray wave interference 
(Roentgenstrahlinterferenzen), commonly known as X-ray diffraction 
(XRD), and was direct evidence for the periodic atomic structure of crystals 
postulated for several centuries. 
Anexo. Técnicas de Caracterización 2015 
 
288 
Nanomateriales estructurados obtenidos mediante electroquímica y 
sonoquímica y su aplicación como electrodos de baterías de iones alcalinos 
 
Although Bragg's law was used to explain the interference pattern of 
X-rays scattered by crystals, diffraction has been developed to study the 
structure of all states of matter with any beam, e.g., ions, electrons, 
neutrons, and protons, with a wavelength similar to the distance between 
the atomic or molecular structures of interest. In XRD the interplanar 
spacing (d-spacing) of a crystal is used for identification and 
characterization purposes. The wavelength (λ) of the incident X-ray is 
known and measurement is made of the incident angle (Θ) at which 
constructive interference occurs. 
Figure A.1 reflection of the beams at planes of atoms (lattice planes) 
 
Solving Bragg's Equation gives the d-spacing between the crystal lattice 
planes of atoms that produce the constructive interference. A given 
unknown crystal is expected to have many rational planes of atoms in its 
structure; therefore, the collection of "reflections" of all the planes can be 
used to uniquely identify an unknown crystal. In general, crystals with high 
symmetry (e.g. isometric system) tend to have relatively few atomic planes, 
whereas crystals with low symmetry (in the triclinic or monoclinic systems) 
tend to have a large number of possible atomic planes in their structures. 
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A.2 MÖSSBAUER SPECTROSCOPY 
Mössbauer spectroscopy (M.S.) is a spectroscopic technique based on the 
recoil-free, resonant absorption and emission of gamma rays in solids. This 
resonant emission and absorption was first observed by Rudolf 
Mössbauer in 1957, and is called the Mössbauer effect in his honor. 
Mössbauer received a Nobel Prize in 1961 for this work. 
M.S. probes tiny changes in the energy levels of an atomic nucleus in 
response to its environment. Typically, three types of nuclear interaction 
may be observed: an isomer shift, also known as a chemical shift; 
quadrupole splitting; and, magnetic or hyperfine splitting, also known as 
the Zeeman effect. Due to the high energy and extremely narrow line 
widths of gamma rays, Mössbauer spectroscopy is one of the most 
sensitive techniques in terms of energy (and hence frequency) resolution, 
capable of detecting change in just a few parts per 10
11
. 
Figure A.2 Recoil-free emission or absorption of a gamma-ray when the nuclei are in a solid matrix 
such as a crystal lattice 
 
In M.S., a solid sample is exposed to a beam of gamma radiation, and a 
detector measures the intensity of the beam transmitted through the 
sample. The difference in chemical environments, however, causes the 
nuclear energy levels to shift in a few different ways, as described below. 
Although these energy shifts are tiny (often less than a micro electronvolt), 
the extremely narrow spectral linewidths of gamma rays for some 
radionuclides make the small energy shifts correspond to large changes in 
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absorbance. To bring the two nuclei back into resonance it is necessary to 
change the energy of the gamma ray slightly, and in practice this is always 
done using the Doppler Effect. 
In the resulting spectra, gamma ray intensity is plotted as a function of the 
source velocity. At velocities corresponding to the resonant energy levels 
of the sample, a fraction of the gamma rays are absorbed, resulting in a 
drop in the measured intensity and a corresponding peak in the spectrum. 
The number, positions, and intensities of the peaks provide information 
about the chemical environment of the absorbing nuclei and can be used 
to characterize the sample. 
Figure A.3 Simple Mössbauer spectrum from identical source and absorber 
 
The ratio of atoms that emit/absorb γ radiation is called Mössbauer 
Lambda ratio and its value is given by the following equation: 
f = exp (-
Eγ
2〈x2〉
ℏ2c2
)    (A.2) 
x is the average quadratic shift of atoms 
Mössbauer spectrum is characterized by the number, shape, position and 
relative intensity of absorption lines. These features are a consequence of 
the nature of different hyperfine interactions and its time dependence. 
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Nuclei are under the action of magnetic and electric fields created by 
electrons from the same atom and from neighboring atoms. Nuclei are 
positively charged and have a determine size, moreover they have a 
magnetic moment which interacts with electric and magnetic fields from 
the environment, thus, producing small changes in the energy levels of the 
solid where they belong to. These interactions are called hyperfine 
interactions. There are 3 different kind of considered interactions in 
Mössbauer spectroscopy: 
- Isomer shift (δ): It is the result of an electric interaction between 
the nuclear charge distribution on the nuclear finite volume and 
the electronic charge density on this volume. This shift is due to 
the difference in nuclear volume between excited and ground 
state, and the difference of electronic density of Mössbauer nuclei 
in different materials. The energy variation between ground and 
excited states can be estimated through the following formula: 
∆E = 
1
6ε0
 Z e2 (〈Rn
2〉excited-〈Rn
2〉ground) |Ψ0|
2    (A.3) 
Ψ0 is the s electronic density on the nucleus 
Rn is the nuclear radius 
Z is the atomic number 
e is the electron charge 
Admitting that the charge distribution in the nucleus is spherical: 
δcs = ∆Esample-∆Eref = S(Z)
Ze
2R2
5ε0
∆R
R
(|Ψ0|sample
2 -|Ψ0|ref
2 )  (A.4) 
57Fe isotopes are active to the Mössbauer effect. Due to the negative ΔR/R, 
when 3d electrons shield the s electrons from the nuclear charge, the 
isomer shift increases. As electron density d diminishes when oxidation 
state augments from +2 to +6, the isomer shift decreases. This property 
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makes this technique very useful to get fundamental information about 
sample´s local environment and the presence of iron atoms in their 
oxidation state. 
- Quadrupole splitting (Δ): It is the result of the interaction between 
an electric field gradient (EFG) in the nucleus and the electric 
quadrupolar moment of the nucleus itself. Quadrupolar moment 
is present when nuclear spin is higher than ½. Since all Mössbauer 
active nuclei have a nuclear spin higher than ½, all nuclei show 
quadrupolar splitting. 
For transitions between I=3/2 and I=1/2 (
57
Fe), we can observe a doublet 
in the spectrum, where both peaks are shifted symmetrically from the 
initial peak position. The velocity values of both peaks are named v1 and 
v2. In this case, isomer shift is defined by the formula: δ = (v1 + v2)/2 and 
quadrupolar splitting: Δ = v1 - v2. 
 
 
A.3 SCANNING ELECTRON MICROSCOPY 
Scanning electron microscopy (SEM) is a method imaging of surfaces. The 
SEM uses electrons for imaging, much as a light microscope uses visible 
light. The advantages of SEM over light microscopy include much higher 
magnification (>100,000X) and greater depth of field up to 100 times that 
of light microscopy. Qualitative and quantitative chemical analysis 
information is also obtained using an energy dispersive X-ray 
spectrometer (EDS) with the SEM. 
The SEM generates a beam of incident electrons in an electron column 
above the sample chamber. The electrons are produced by a thermal 
emission source, such as a heated tungsten filament, or by a field emission 
cathode. The electrons are focused into a small beam by a series of 
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electromagnetic lenses in the SEM column. Scanning coils near the end of 
the column direct and position the focused beam onto the sample surface. 
The electron beam is scanned in a raster pattern over the surface for 
imaging. The beam can be focused to a final probe diameter as small  
Figure A.4 Scanning Electron Microscope schematic representation   
 
as about 10 Å. The incident electrons cause electrons to be emitted from 
the sample due to elastic and inelastic scattering events within the 
sample´s surface and near-surface material. High-energy electrons that 
are ejected by an elastic collision of an incident electron, typically with a 
sample atom’s nucleus, are referred to as backscattered electrons. The 
energy of backscattered electrons will be comparable to that of the 
incident electrons. Emitted lower-energy electrons resulting from inelastic 
scattering are called secondary electrons. Secondary electrons can be 
formed by collisions with the nucleus where substantial energy loss occurs 
or by the ejection of loosely bound electrons from the sample atoms. To 
create a SEM image, the incident electron beam is scanned in a raster 
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pattern across the sample's surface. The emitted electrons are detected for 
each position in the scanned area by an electron detector. The intensity of 
the emitted electron signal is displayed as brightness on a cathode ray 
tube (CRT). By synchronizing the CRT scan to that of the scan of the 
incident electron beam, the CRT display represents the morphology of the 
sample surface area scanned by the beam. Magnification of the CRT image 
is the ratio of the image display size to the sample area scanned by the 
electron beam. 
 Figure A.5 electrons interact with a sample's atoms to produce shattered electrons, 
X-rays and visible light. 
 
In this work, secondary electron imaging was used. This mode provides 
high resolution imaging of fine surface morphology. Inelastic electron 
scattering, caused by the interaction between the sample and the incident 
electrons, results in the emission of low energy electrons from near the 
sample surface. The topography of surface features influences the number 
of electrons that reach the secondary electron detector from any point on 
the scanned surface. This local variation in electron intensity creates the 
image contrast that reveals the surface morphology. The secondary 
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electron image resolution for an ideal sample is about 3.5 nm for a 
tungsten-filament electron source SEM or 1.5 nm for field emission SEM. 
 
A.3.1 ENERGY DISPERSIVE SPECTROSCOPY 
When we bombard with a focused beam of electrons a solid, it can emit an 
X-ray spectrum from which we can get a localized chemical analysis. EDS 
technique is based on this phenomenon. It is possible to detect by this 
technique elements from atomic number 4 (Be) to 92 (U). With EDS we can 
obtain a qualitative analysis and a quantitative analysis. In qualitative 
analysis the lines in the spectrum are identified, and it is quite 
straightforward task because of the simplicity of the X-ray spectra.  In 
quantitative analysis, line intensities are measured for each element in the 
sample to determine the concentration of the elements present.  
An electron beam scans the sample and displays the intensity of a selected 
X-ray line. It can produce “maps” or element distribution images. This 
technique is related to scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) techniques, because adding an X-
ray spectrometer, SEM and TEM apparatus can also be used for element 
mapping. 
 
 
A.4 TRANSMISSION ELECTRON MICROSCOPY 
In the transmission electron microscopy (TEM) a very thin sample is 
irradiated with a uniform current density electrons array which energy is in 
between the range 100 to 200 keV. 
The TEM uses transmission/dispersion of electrons to produce images, 
diffraction of electrons to obtain information about the crystalline 
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structure and the characteristic X-rays emission to know the elemental 
composition of the sample. 
Figure A.6 Transmission Electron Microscope schematic representation 
 
Electrons show wave and particle characteristics. When one follows their 
ondulatory behavior, some variations can be observed in the amplitude 
and also in the phase of the associated wave when crossing the sample. 
Both of them give rise to the contrast of the image (defining contrast as 
intensity differences among adjacent areas). That way, in TEM a 
fundamental distinction can be done between amplitude contrast and 
phase contrast. In the major part of situations, both types contribute to the 
formation of the image, but one of them always tends to dominate. In the 
amplitude contrast images, images of clear field or dark field are obtained, 
selecting between diaphragms or apertures, the direct array or dispersed 
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array respectively. Within the contrasts due to amplitude changes, there 
are two different types, one derived by the sample thickness and another 
owing to the electrons diffraction. In the first case indeed, the contrast is 
produced due to an incoherent and inelastic dispersion of electrons when 
crossing the sample and strongly depends on the atomic number and the 
sample thickness. This is the most important contrast in the case of non-
crystalline samples, such as polymers or amorphous alloys. The diffraction 
contrast is produced due to the coherent and elastic electronic dispersion 
when passing through the sample and is controlled by the crystalline 
structure and its orientation. It takes place when the electronic dispersion 
is produced at a determined Bragg angle and hence it only appears in 
crystalline samples. Images of phase contrast are formed by selecting 
more than an array of electrons and generally are associated with the high 
resolution electron microscopy (HRTEM), though at low magnification can 
also be produced. 
 
A.4.1 SELECTED AREA ELECTRON DIFFRACTION 
The SAED technique is very useful in order to characterize materials in TEM 
tests. Using SAED we can identify nanocrystalline phases, determine unit 
cell parameters, etc. We combine the Bragg's equation I.1 and geometric 
relationship in the reciprocal space to analyze the SAED patterns: 
 
nλ = 2 dhkl sinθ    (A.5) 
tan2θ = D/L           (A.6) 
d is spacing between planes 
λ is the wavelength of the electron beam 
θ is the diffraction angle 
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D is the distance between spots on the SAED pattern 
L is camera length for the TEM machine 
For a very small diffraction angle θ: 2sinθ = tan2θ; thus, it is possible to 
calculate the d-spacings for the spots on the SAED pattern by 
d = D/(λL)    (A.7) 
Figure A.7 SAED in Transmission Electron Microscope (schematic)  
 
In single crystal, every lattice plane corresponds to a spot in the SAED 
pattern. In a polycrystalline sample, every group of lattice planes from the 
same miller index family corresponds to a ring in SAED pattern. If we rotate 
the sample and fix the electron beam, some spot/ring will be activated, 
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and other spot /ring will be deactivated. All this is based on the diffraction 
condition stated above. 
If we are interested on determining 3D parameters in a unit cell, tilting 
technique is needed, since the SAED pattern is only 2D projection of 
reciprocal lattice.  For an unknown crystal, we can use systematic extinction 
in the diffraction pattern to determine space group. 
 
 
A.5 X-RAY PHOTOELECTRON SPECTROSCOPY 
When a substance is irradiated with electromagnetic radiation some 
electrons may escape from the atoms located at the surface (0-10 nm). 
This effect is called photoelectric effect. If the electromagnetic radiation is 
in the X-ray band, such as Mg Kα (0.99 nm, 1253.6 eV), electrons from inner 
shells can escape (XPS) or also from the valence band to give 
photoelectrons (ultraviolet photoelectron spectroscopy UPS). 
Occasionally it is called Electron Spectroscopy for Chemical Analysis 
(ESCA). 
XPS technique is used to study chemical composition of surfaces. 
Although photons can penetrate some micrometers in solids, only the 
electrons that escape some Å from the surface can leave the solid without 
energy loss. These electrons are the ones that produce useful peaks in the 
spectra. They are detected by an electron spectrometer and their kinetic 
energy. Every chemical element has a unique XPS spectrum. The spectrum 
of a blend of elements is approximately the sum of the peaks of each 
element. The kinetic energy of the emitted electrons follows the equation: 
EC = hν - EB -     (A.8) 
hν is the photon´s energy 
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EB is the binding energy of escaped electron 
 is the work function of spectrometer 
Orbital´s energy is affected by their chemical environment, thus the 
binding energy is also affected by the chemical environment of the atom 
or molecule object of study.     
Since every element has a unique and characteristic number of binding 
energies (EB), XPS spectrum can be used to identify and determine the 
elemental concentration on the surface. 
The main peak in a spectrum due to a core level excitation corresponds to 
the fundamental ionic state. 
There are other possible ionic states where there might be excitation of 
the valence band electron (shake-up) or ionization (shake-off). Both of 
them are common processes in the spectra and they usually are 
represented by a lower intensity and lower kinetics peak next to the main 
peak. 
 
Figure A.8 X-ray photoelectron spectroscopy layout  
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A.6 ELECTROCHEMICAL IMPEDANCE 
SPECTROSCOPY 
Electrochemical impedance is the response of an electrochemical system 
(cell) to an applied potential. The frequency dependence of the obtained 
data can reveal underlying chemical processes.  
A small AC voltage is applied to an electrochemical cell, and the current 
passing through the cell is measured. Since we apply a sinusoidal voltage 
signal; the response to this potential is an AC current signal. The excitation 
signal (AC potential) is used to obtain a pseudo-linear cell response (AC 
current). The response (AC current) will be a sinusoid at the same 
frequency but shifted in phase.  The excitation signal (as a function of time) 
is given by: 
Et = E0 sin(ωt)   (A.9) 
Et is the potential at time t 
E0 is the amplitude of the signal 
ω is the radial frequency 
The relationship between frequency f (hertz) and radial frequency ω 
(radians/second) is: 
ω = 2 π f   (A.10) 
In a linear system, the response signal is given by: 
It = I0 sin (ωt+φ)   (A.11) 
We can use an expression analogous to Ohm´s Law to calculate the 
impedance of a system as follows: 
Z = 
Et
It
 = 
E0 sin(ωt)
I0 sin(ωt+φ)
 = Z0
sin(ωt)
sin(ωt+φ)
   (A.12) 
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Then, the impedance is expressed in terms of a magnitude, Z0, and a phase 
shift, φ. With Euler´s relationship: 
Exp(jφ) = cosφ + jsinφ  (A.13) 
We can use a complex function to express the impedance: 
Z(ω) = E/I = Z0 exp(jφ) = Z0 (cosφ + jsinφ)  (A.14) 
Z(ω) has a real and an imaginary part. If the real part is plotted on the 
X-axis and the imaginary part is plotted on the Y-axis of a chart, we obtain 
a “Nyquist plot”. For electrochemical cells, the reactance is displayed 
inverted in the Nyquist plot, since these systems are usually capacitive. 
Every point on the Nyquist plot is the impedance at one frequency. 
The system must be at a steady state during the EIS measurement. In 
practice it can be difficult to achieve a steady state, since there are many 
factors that can disturb the steady state, such as solution impurities 
adsorption, degradation, temperature variations, oxide layer growth, etc. 
 
Figure A.9 Nyquist plot typically obtained for a battery. 
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We can interpret EIS data by fitting to an equivalent electrical circuit 
model. The elements in the model should have a physical meaning in the 
electrochemistry of the system to be useful.  
 
A.6.1 ELECTROLYTE RESISTANCE 
Electrolyte resistance is usually an important factor in the impedance of an 
electrochemical cell. There are several factors that influence the resistance 
of an ionic solution: the ionic concentration, temperature, type of ions, and 
the geometry of the area where current passes through. The electrolyte 
resistance can be calculated using the following expression: 
R = ρ l/A   (A.15) 
ρ is the solution resistivity. The reciprocal of ρ (κ) is more commonly used. 
κ is the conductivity of the solution, and previous formula can be given as: 
R = l/(κ A)   κ = l/R A   (A.16) 
Double Layer Capacitance 
On the interface between an electrode and its surrounding electrolyte 
there is an electrical double layer. This electrical double layer is formed by 
ions from the solution adsorbed onto the electrode surface. Between the 
charged electrode and the ions there is an insulating space whose 
thickness is of some angstroms. But the “double layer capacitor” on real 
cells usually behaves like a Constant Phase Element (CPE), not a capacitor. 
The impedance of a capacitor is given by: 
ZCPE = 
1
(jω)αY0
    (A.17) 
Y0 = C is the capacitance 
α does an exponent equal 1 for a capacitor, and less than 1 for a CPE 
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Polarization Resistance 
The current may flow through electrochemical reactions that occur at the 
electrode surface when an electrode is polarized. The kinetics of the 
reactions and the diffusion of reactants control the amount of current 
towards and away from the electrode. 
When there are two simple kinetically-controlled reactions occurring, the 
current is related with the cell voltage by the following equation: 
I = Icorr (e
2.303(E-Eoc)
βa  - e
-2.303(E-Eoc)
βc )   (A.18) 
I is the measured cell current 
Icorr is the corrosion current 
Eoc is the open circuit potential in volts 
βa is the anodic Beta coefficient 
βc is the cathodic Beta coefficient 
If a small signal approximation to previous equation is applied, we obtain 
the following: 
Icorr = 
β
a
 β
c
2.303 (β
a
+β
c
)
1
Rp
   (A.19) 
Rp is the polarization resistance 
β coefficients are also known as Tafel constants 
Icorr is the corrosion current. It can be used to calculate the corrosion rate. 
Charge Transfer Resistance 
A metal can electrolytically dissolve when it is in contact with an 
electrolyte, according to: 
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Me  Men+ + ne-   (A.20) 
Electrons are conducted through the metal and metal ions diffuse into the 
electrolyte; this means that charge is being transferred. The general 
relation between the current and the voltage, which is directly related with 
the quantity of electrons, this means the charge transfer via Faradays law, 
is: 
i = i0 (
CO
CO
* exp (
α n F η
R T
) -
CR
CR
* exp (-
(1-α) n F η
R T
))   (A.21) 
i0 is the exchange current density 
CO is the concentration of oxidant at the electrode surface 
CO
*
 is the concentration of oxidant in the bulk 
CR is the concentration of reductant at the electrode surface 
η is the overpotential (Eapp – Eoc) 
F is the Faraday´s constant 
T is the Temperature 
R is the gas constant 
a is the reaction order 
n is the number of electrons involved 
When the concentrations in the bulk and electrode surface are equal, CO = 
CO
*
 and CR = CR
*
. This simplifies previous equation into: 
i = i0 (exp (α
n F
R T
η) -exp (-
(1-α) n F
R T
η))   (A.22) 
This is the Butler-Volmer equation. It can be used when the polarization 
depends only on the charge-transfer kinetics.  
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When the electrochemical system is at equilibrium and the overpotential 
(η) is very small, the formula for the charge-transfer resistance changes to: 
Rct = 
R T
n F i0
    (A.23) 
When Rct is known, we can calculate the exchange current density from 
this equation. 
Diffusion 
Ion diffusion can create a Warburg impedance. This impedance is 
dependent on the frequency of the voltage excitation signal. At low 
frequencies, the diffusing species have to diffuse far; this makes the 
Warburg-impedance significant. At very high frequencies, the Warburg 
impedance is negligible since the diffusing species have to move very 
short distance. The equation for the “infinite” Warburg impedance is: 
ZW = σ (ω)
-1 2⁄  (1-j)   (A.24) 
The Warburg impedance appears as a diagonal line with a slope of 45º on 
a Nyquist plot. The Warburg coefficient (σ) is calculated as follows: 
σ = 
R T
n2 F2 A √2
(
1
CO
*
√DO
+
1
CR
*
√DR
)   (A.25) 
DO is the diffusion coefficient of the oxidant 
DR is the diffusion coefficient of the reductant 
A is the surface area of the electrode 
n is the number of electrons involved 
This expression for the Warburg impedance is valid when the thickness of 
the diffusion layer is infinite. But in real world this rarely happens. If the 
diffusion layer is bounded (as in thin-layer cell or coated samples), at lower 
frequencies, the impedance no longer follows the equation above. We 
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have this more general equation called the “finite” Warburg for most 
cases: 
ZO = σ ω
-1 2⁄ (1-j) tanh (δ (
jω
D
)
1 2⁄
)   (A.26) 
δ is the Nernst diffusion layer thickness 
D is the average value of the diffusion coefficients of the diffusing species. 
Randles circuit 
Figure A.10 Randles equivalent electrical circuit  
 
A Randles circuit is an equivalent electrical circuit typically used in EIS for 
the interpretation of electrochemical processes in batteries. Its purpose is 
to model the interfacial electrochemical reactions in presence of semi-
infinite linear diffusion of electroactive particles to flat electrodes. In this 
model, the impedance of a faradaic reaction consists of an active charge 
transfer resistance Rct and a Warburg element. 
 In a simple situation, the Warburg element manifests itself in EIS spectra 
by a line with an angle of 45 degrees in the low frequency region. Values 
of the charge transfer resistance and Warburg coefficient depend on 
physicochemical parameters of a system under investigation. To obtain 
the Randles circuit parameters, the fitting of the model to the experimental 
data should be performed using complex nonlinear least-squares 
procedures available in numerous EIS data fitting computer programs. The 
Randles equivalent circuit is one of the simplest possible models 
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describing processes at the electrochemical interface. In real 
electrochemical systems, impedance spectra are usually more 
complicated and, thus, the Randles circuit may not give appropriate 
results. 
 
 
A.7 SOLID STATE NUCLEAR MAGNETIC RESONANCE 
SPECTROSCOPY 
Nuclear magnetic resonance (NMR) is a physical phenomenon in which 
nuclei in a magnetic field absorb and re-emit electromagnetic radiation. 
This energy is at a specific resonance frequency which depends on the 
strength of the magnetic field and the magnetic properties of the isotope 
of the atoms; in practical applications, the frequency is around 60–1000 
MHz. NMR allows the observation of specific quantum mechanical 
magnetic properties of the atomic nucleus.  
All isotopes that contain an odd number of protons and/or of neutrons 
have an intrinsic magnetic moment and angular momentum, in other 
words a nonzero spin, while all nuclides with even numbers of both have a 
total spin of zero. A key feature of NMR is that the resonance frequency of 
a particular substance is directly proportional to the strength of the 
applied magnetic field.  
Usually two sequential steps are involved by NMR principles: The 
alignment (polarization) of the magnetic nuclear spins in an applied, 
constant magnetic field H0 and the perturbation of this alignment of the 
nuclear spins by employing an electro-magnetic, usually radio frequency 
(RF) pulse. The required perturbing frequency is dependent upon the static 
magnetic field (H0) and the nuclei of observation. 
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The two fields are usually chosen to be perpendicular to each other as this 
maximizes the NMR signal strength. The resulting response by the total 
magnetization (M) of the nuclear spins is the phenomenon that is 
exploited in NMR spectroscopy and magnetic resonance imaging. Both 
use intense applied magnetic fields (H0) in order to achieve dispersion and 
very high stability to deliver spectral resolution, the details of which are 
described by chemical shifts, the Zeeman effect, and Knight shifts (in 
metals). 
NMR spectroscopy is one of the principal techniques used to obtain 
physical, chemical, electronic and structural information about molecules 
due to either the chemical shift or the Zeeman effect or a combination of 
both, on the resonant frequencies of the nuclei present in the sample. It is 
a powerful technique that can provide detailed information on the 
topology, dynamics and three-dimensional structure of molecules in 
solution and the solid state. Thus, structural and dynamic information is 
obtainable (with or without "magic angle" spinning (MAS)) from NMR 
studies of quadrupolar nuclei (that is, those nuclei with spin S > 1⁄2) even 
in the presence of magnetic "dipole-dipole" interaction broadening (or 
simply, dipolar broadening) which is always much smaller than the 
quadrupolar interaction strength because it is a magnetic vs. an electric 
interaction effect.  
Solid-state NMR (SSNMR) spectroscopy is a kind of nuclear magnetic 
resonance (NMR) spectroscopy, characterized by the presence of 
anisotropic (directionally dependent) interactions. Materials that are 
crystalline or rigid solids (for example resins, ceramics, etc.) exhibit an 
extremely broad NMR signal due to extensive homo- and hetero-nuclear 
dipolar coupling, chemical shift anisotropy (CSA), and quadrupolar 
interactions. A variety of solid state NMR techniques have been developed 
to improve the resolution and sensitivity including the use of multiple 
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pulse sequences, cross polarization, high power decoupling, multiple 
quantum NMR and fast MAS (Magic Angle Spinning) NMR.  
In solution NMR, spectra consist of a series of very sharp transitions, due 
to averaging of anisotropic NMR interactions by rapid random tumbling. 
A spin interacts with a magnetic or an electric field. Spatial proximity 
and/or a chemical bond between two atoms can give rise to interactions 
between nuclei. In general, these interactions are orientation dependent. 
In media with no or little mobility, anisotropic interactions have a 
substantial influence on the behaviour of a system of nuclear spins. In 
contrast, in a classical liquid-state NMR experiment, Brownian motion 
leads to an averaging of anisotropic interactions. In such cases, these 
interactions can be neglected on the time-scale of the NMR experiment. 
Solid-state NMR spectra are very broad, as the full effects of anisotropic 
or orientation-dependent interactions are observed in the spectrum. 
An improved resolution due to MAS arises because the Hamiltonians 
describing the dipolar, CSA and magnetic susceptibility interactions all 
contain an orientational component that scales as (3cos
2θ-1), where θ is 
the angle between the rotor spinning axis and the magnetic field. When a 
sample is spun about an axis that is at the“magic angle”(θ = 54.7º) these 
interactions vanish. Anisotropic interactions modify the nuclear spin 
energy levels (and hence the resonance frequency) of all sites in a 
molecule, and often contribute to a line-broadening effect in NMR 
spectra. However, there is a range of situations when their presence can 
either not be avoided, or is even particularly desired, as they encode 
structural parameters, such as orientation information, on the molecule of 
interest. High-resolution conditions in solids (in a wider sense) can be 
established using magic angle spinning (MAS), macroscopic sample 
orientation, combinations of both of these techniques, enhancement of 
mobility by highly viscous sample conditions, and a variety of radio 
frequency (RF) irradiation patterns. While the latter allows decoupling of 
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interactions in spin space, the others facilitate averaging of interactions in 
real space. In addition, line-broadening effects from microscopic 
inhomogeneities can be reduced by appropriate methods of sample 
preparation. 
Under decoupling conditions, isotropic interactions can report on the local 
structure, e.g. by the isotropic chemical shift. In addition, decoupled 
interactions can be selectively re-introduced ("recoupling"), and used, for 
example, for controlled de-phasing or transfer of polarization to derive a 
number of structural parameters. 
Figure A.11 Sample spinning in an angle of 54.74º   
The residual line width (full width at half max) of 
13
C nuclei under MAS 
conditions at 5–15 kHz spinning rate is typically in the order of 0.5–2 ppm, 
and may be comparable to solution-state NMR conditions. Even at MAS 
rates of 20 kHz and above, however, nonlinear groups (not a straight line) 
of the same nuclei linked via the homonuclear dipolar interactions can 
only be suppressed partially, leading to line widths of 0.5 ppm and above, 
which is considerably more than in optimal solution state NMR conditions. 
Other interactions such as the quadrupolar interaction can lead to line 
widths of thousands of ppm due to the strength of the interaction. The 
first-order quadrupolar broadening is largely suppressed by sufficiently 
fast MAS, but the second-order quadrupolar broadening has a different 
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angular dependence and cannot be removed by spinning at one angle 
alone. Ways to achieve isotropic lineshapes for quadrupolar nuclei include 
spinning at two angles simultaneously (DOR), sequentially (DAS), or 
through refocusing the second-order quadrupolar interaction with a two-
dimensional experiment such as MQMAS or STMAS. 
From the perspective of solution-state NMR, it can be desirable to reduce 
motional averaging of dipolar interactions by alignment media. The order 
of magnitude of these residual dipolar couplings (RDCs) are typically of 
only a few rad/Hz, but do not destroy high-resolution conditions, and 
provide a pool of information, in particular on the orientation of molecular 
domains with respect to each other. 
The dipolar coupling between two nuclei is inversely proportional to the 
cube of their distance. This has the effect that the polarization transfer 
mediated by the dipolar interaction is cut off in the presence of a third 
nucleus (all of the same kind, e.g. 
13
C) close to one of these nuclei. This 
effect is commonly referred to as dipolar truncation. It has been one of the 
major obstacles in efficient extraction of internuclear distances, which are 
crucial in the structural analysis of biomolecular structure. By means of 
labeling schemes or pulse sequences, however, it has become possible to 
circumvent this problem in a number of ways. 
 
 
A.8 ELECTRON PARAMAGNETIC RESONANCE 
SPECTROSCOPY 
Electron spin resonance (ESR) spectroscopy, also referred to as electron 
paramagnetic resonance (EPR) spectroscopy, is a versatile, nondestructive 
analytical technique which can be used for a variety of applications 
including: oxidation and reduction processes, biradicals and triplet state 
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molecules, reaction kinetics, as well as numerous additional applications 
in biology, medicine and physics. However, this technique can only be 
applied to samples having one or more unpaired electrons. 
Spectroscopy is the measurement and interpretation of the energy 
difference between atomic or molecular states. According to Plank´s law, 
electromagnetic radiation will be absorbed if: 
ΔE=hν     (A.27) 
where ΔE is the difference in energy of the two states, h is Plank´s constant 
and ν is the frequency of the radiation. The absorption of this energy 
causes a transition of an electron from the lower energy state to the higher 
energy state. In EPR spectroscopy the radiation used is in the gigahertz 
range. Unlike most traditional spectroscopy techniques, in EPR 
spectroscopy the frequency of the radiation is held constant while the 
magnetic field is varied in order to obtain an absorption spectrum. Shown 
above is a block diagram for a typical EPR spectrometer. The radiation 
source usually used is called a klystron. Klystrons are vacuum tubes known 
to be stable high power microwave sources which have low-noise 
characteristics and thus give high sensitivity. A majority of EPR 
spectrometers operate at approximately 9.5 GHz, which corresponds to 
about 32 mm. The radiation may be incident on the sample continuously 
(i.e., continuous wave, abbreviated cw) or pulsed. The sample is placed in 
a resonant cavity which admits microwaves through an iris. The cavity is 
located in the middle of an electromagnet and helps to amplify the weak 
signals from the sample. Numerous types of solid-state diodes are 
sensitive to microwave energy and absorption lines then be detected 
when the separation of the energy levels is equal or very close to the 
frequency of the incident microwave photons. In practice, most of the 
external components, such as the source and detector, are contained 
within a microwave bridge control. Additionally, other components, such 
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as an attenuator, field modulator, and amplifier, are also included to 
enhance the performance of the instrument. 
The basis of EPR spectroscopy lies in the spin of an electron and its 
associated magnetic moment. When an electron is placed within an 
applied magnetic field, Bo, the two possible spin states of the electron have 
different energies. This energy difference is a result of the Zeeman effect.  
The lower energy state occurs when the magnetic moment of the electron, 
μ, is aligned with the magnetic field and a higher energy state occurs 
where μ is aligned against the magnetic field. The two states are labeled 
by the projection of the electron spin, MS, on the direction of the magnetic 
field, where MS = -1/2 is the parallel state, and MS = +1/2 is the 
antiparallel state. 
Figure A.12 Separation between the lower and the upper state for unpaired free electrons. 
 
So for a molecule with one unpaired electron in a magnetic field, the 
energy states of the electron can be defined as: 
E = gμBBoMS = ±1/2 gμBBo    (A.28) 
where g is the proportionality factor (or g-factor), μB is the Bohr magneton, 
Bo is the magnetic field, and MS is the electron spin quantum number. From 
this relationship, there are two important factors to note: the two spin 
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states have the same energy when there is no applied magnetic field and 
the energy difference between the two spin states increases linearly with 
increasing magnetic field strength. Like most spectroscopic techniques, 
when the radiation is absorbed, a spectrum is produced similar to the one  
Figure A.13 Derivative representation of the absorbance peak. 
 
on top in figure  A.13. In EPR spectrometers a phase-sensitive detector is 
used. This results in the absorption signal being presented as the first 
derivative. So the absorption maximum corresponds to the point where 
the spectrum passes through zero. This is the point that is used to 
determine the center of the signal. 
As mentioned earlier, an EPR spectrum is obtained by holding the 
frequency of radiation constant and varying the magnetic field. 
Absorption occurs when the magnetic field “tunes” the two spin states 
so that their energy difference is equal to the radiation. This is known as 
the field for resonance. As spectra can be obtained at a variety of 
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frequencies, the field for resonance does not provide unique identification 
of compounds. The proportionality factor, however, can yield more useful 
information. 
g= 
ℎ𝜈
µ𝐵 𝐵𝑜
     (A.29) 
For a free electron, the proportionality factor is 2.00232. For organic 
radicals, the value is typically quite close to that of a free electron with 
values ranging from 1.99-2.01. For transition metal compounds, large 
variations can occur due to spin-orbit coupling and zero-field splitting and 
results in values ranging from 1.4-3.0. 
In addition to the applied magnetic field, unpaired electrons are also 
sensitive to their local environments. Frequently the nuclei of the atoms in 
a molecule or complex have a magnetic moment, which produces a local 
magnetic field at the electron. The resulting interaction between the 
electron and the nuclei is called the hyperfine interaction. Hyperfine 
interactions can be used to provide a great deal of information about the 
sample including providing information about the number and identity of 
nuclei in a complex as well as their distance from the unpaired electron. 
This interaction expands the previous equation to: 
𝐸 = 𝑔µ𝐵𝐵𝑜𝑀𝑆 + 𝑎𝑀𝑆𝑚𝐼    (A.31) 
where a is the hyperfine coupling constant and mI is the nuclear spin 
quantum number for the neighboring nucleus. So a single nucleus with a 
spin ½ will split each energy level into two, as shown above, and then two 
transitions (or absorptions) can be observed. The energy difference 
between the two absorptions is equal to the hyperfine coupling constant. 
It is important to note that if a signal is split due to hyperfine interactions, 
the center of the signal (which is used to determine the proportionality 
factor) is the center of the splitting pattern.  So for a doublet, the center 
would be half way between the two signals and for a triplet, the center 
would be the center of the middle line. 
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The coupling patterns that are observed in EPR spectra are determined by 
the same rules that apply to NMR spectra. However, in EPR spectra it is 
more common to see coupling to nuclei with spins greater than ½. The 
number of lines which result from the coupling can be determined by the 
formula: 
2NI + 1    (A.32) 
where N is the number of equivalent nuclei and I is the spin. It is important 
to note that this formula only determines the number of lines in the 
spectrum, not their relative intensities. Coupling to a single nucleus with 
spin n/2 gives (n + 1) lines each of equal intensity. 
2NI + 1 = 2(1)(n/2) + 1 = n + 1 lines  (A.33) 
As NMR spectroscopy does not usually provide useful spectra for 
paramagnetic compounds, analysis of their EPR spectra can provide 
additional insight. Analysis of the coupling patterns can provide 
information about the number and type of nuclei coupled to the electrons. 
The magnitude of a can indicate the extent to which the unpaired 
electrons are delocalized and g-factors can show whether unpaired 
electrons are based on transition metal atoms or on the adjacent ligands. 
 
 
A.9 ELECTROCHEMICAL TECHNIQUES 
A.10.1 GALVANOSTATIC TECHNIQUE 
It is based on the application of a constant current density through the cell 
and the potential difference between electrodes is measured. The voltage 
of an electrochemical cell is the potential difference between anode and 
cathode in the equilibrium: 
ΔE = Ecathode - Eanode    (A.32) 
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This potential is modified depending on the quantity of alkaline metal 
intercalated due to Fermi level shift when guest species donate electrons 
to the host solid and the subsequent transformation of reactants into 
products. 
Independently from electroinsertion process, the cell has an ohmic 
resistance to the direct current applied. For this reason, an additional 
voltage drop appears (ΔEpolarization), which is named ohmic drop. The cell 
voltage can be expressed by the equation: 
ΔEmeasured = ΔEthermodynamic – ΔEpolarization   (A.33) 
The quantity of obtained product can be deduced from delivered charge, 
which is equivalent to the applied current multiplied by time. Thus, if a 
current i that flows through a battery during certain time t and the 
compound target of study is formed by a material with certain mass m, 
with molecular weight M, and being n the transferred charge by every 
guest specie, the application of Faraday law allow us to obtain the molar 
proportion of guest (A) that has reacted (AxH) according to the following 
equation: 
𝑥 =
𝑖 𝑡 𝑀
𝑛 𝐹 𝑚
   (A.34) 
In battery field there are some units that are more extensively used than 
others such as gravimetric capacity (mAh/g) or areal capacity (μA h cm-2) 
or volumetric capacity (μA h cm-2 μm-1). 
Potentiostatic Technique 
The potentiostatic technique in step potential mode is based on the 
application of constant voltage steps for a certain time in an 
electrochemical cell. During these periods, induced intensity values are 
recorded versus time. The plot of the measured intensity at the end of each 
voltage step vs. cell voltage allows us to resolve clearly different oxidation 
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and reduction processes that are taking place during charge and 
discharge processes in the cell. 
From recorded data, we can do additional plots that give information of 
interest in the electrochemical study. Thus, the integration of the intensity 
curve vs. time for each voltage step, allows us to calculate the electronic 
charge that has passed through the cell. From Faraday law we can calculate 
the number of moles of obtained product considering no other reactions 
may occur. The last integrated intensity value for every voltage step is the 
closest to the steady state, and it can be plotted vs. the number of moles 
of product to obtain information about the extension of processes. The 
voltage may also be plotted vs. the charge that passes through the cell, 
obtained from current integration, leading to a similar curve to the one 
obtained by galvanostatic technique. 
 
